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PLATE. TECTONIC EVOLUTION OF THE GULY OF MEX1ICO AND CARIBBEAN REGION
~absiract—

James Lawrence Pindell

A geologic-kinemaiic model for the evolution of the Gulf of Mexico and
Caribbean region is built within a framework provided by a detailed Late
Paleozoic &Alleghenian) plate reconstruction and a revised North American
(NOAM) and South American (SOAM) relative motion history., From the Middle
Jurassic to the Campanian, SOAM migrated east-southeast from NOAM. From the
Campanian to the Focene, 1little or noc NOAM-SOAM relative motion occurred,
although minor sinistral transpression is suggested, Since the Eocene,
minor west-northwest convergence between NOAM and SQAM has occurred along
pre—existing fracture zones. Three stages of evolution are recognized which
correlate with these phases of relative motion. Stage 1l: mainly carbonate
shelves fringed the Gult of Mexico and "Proto-Caribbean” passive rifted
margins, during plate separation. Stage 2: the Caribbean Plate (CARIB)
progressively entered the NOAM-SOAM gap from the Pacific by subduction of
Proto-Caribbean crust beneath the Greater Antilles. Stage 3: CARIB migrated
east by 1200 km, subducting Proto-Caribbean crust and forming the Lesser
Antilles Arc. Transform faults have dissected the original Greater Antilles
Arc, and nappes in the Venezuelan Andes have been emplaced southeastwards
onto the northern SOAM margin, diachronously from west to east. Field work
done 1in Dominican Republic, both near Puerto Plata and in the southwest
sector, indicates that 1) Cuba and northern and central Hispaniola are parts
of one original Greater Antilles arc, 2) this arc collided with the Bahamas
in the Late Paleocene-Mid Focene, and 3) Hispaniola has been assembled by

strike-slip juxtaposition of terranes from the west.
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INTRODUCTTON ;

Purpose:

The ultimate goal of this thesis is to develop a plate-tectonic model
for the evolution of the Gulf of Mexico and the Caribbean region., At the
time of writing, several first-order, large-~scale problems plagued
geologists attempting to decipher bits and pieces of Gulf and Caribbean
evolution., This is a framework study, designed to provide a plate-kinematic
basis on which can be built more detailed geological analyses of any sort,
in any area within the Gulf and Caribbean., Also, it provides a model that
can be tested, modified, and revised by future workers. The model itself
helps to identify problems on which more work 1is needed in order to gain a
full or better understanding of the geologic history of local areas,

The evolutionary model developed within this thesis was éerived largely

from deductive reasoning. The initial premises are of the largest order,

and successive attempts to build and refine the model have incorporated
increasing amounts of geologic information. Refinement of a model can only
go so far; at some point it becomes necessary to concentrate on problem

areas, using inductive reasoning, to provide critical bits of information

which can solve points of contention during the deductive phase of
reasoning. Two such problems were identified early on and addressedlin the
field, in northern and southwestern Dominican Republic (Chapters & %nd 5).
Of course, the wultimate goal of this process is for the two ends to meet in
the middle, so that the model suggests no further problems, and additional

detailed work does not disprove or alter the model. Fortunately for the
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Caribbean geologist, this peint liecs far int
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The author would like to think that vefinewent of the model, on a
regional scale at least, has reached the point where significant improvement
cannot be achieved without new studies in problem areas didentified by the

model, or at least reinterpretations of some existing studies,

Methodology:

Permo--Triassic reconstructions [Bullard et al., 1965], except Pangea
"B" [Irving, 1977], demonstrate that South America occubied the entire
Caribbean and most of the Gulf of Mexico area prior to the dispersal of
Pangea., Thus, the plate-tectonic development of both the Gulf and the
Caribbean must be directly related to the paleopositions and relative
motions of the 1larger encompassing plates. The existence of Jurassic
seafloor crust in the Gulf of Mexico, and the fact that the Yucatan block is
presently a part of the North American Plate, provides a measure of the
potential complexities associated with that evolution. Another example is
that Cuba, an integral part of the Caribbean collection of arcs, is not (any
longer) a part of the Caribbean Plate as we know it today from the
distribution of seismicity [Sykes and Ewing, 1965; Molnar and Sykes, 1969].
Thus, the present plate boundary system in the Gulf/Caribbean region bears
very little relationship to former configurations, and the region may be
considered historically as a complex "interplate" realm.

Early attempts to build evolutionary scenarios of interplate regions by
relating geology to a framework of relative plate motions include Atwater
[1970] for western North America, and Smith [1971] and Dewey et al. [1973]

for the Alpine and Mediterranean region. A geologic-kinematic synthesis of



v

this kind was first done for the Caribbean by Ladd [1974; 1976}, who related
Caribbean geoclogy to the relative motions of North and South America since
the Jurassic,

| Derivation of evolutionary models for interplate realms must follow
three basic steps. First, an attempt must be made to reconstruct the
relative positions of ﬁhe major and minor plates which existed aé the onset
of the geological development of the region., All pre-Mesozoic crust
involved must be identified; all syn-rift and post-rift crustal attenuation,
shortening and shear must then be restored to pre-rift limits; finally, the
continents and blocks, in their pre-rift shapes, must be reassembled into a
reconstruction which satisfies pre-rift deformation patterns,
paleogeographic relationships, and depositional patterns, Secondly,
beginning with the initial reconstruction, the relative motion history of
the plates encompassing the interplate region must be defined in order to
establish the framework on which to base the evolutionary model. Both

paleopositions and the relative motion vector are important. The

paleopositions define the size and shape of the region at various times, and

the relative motion vector defines the direction and rate of change 1in the

size and shape of the region. Finally, the geology of the interplate region
must be integrated with, and related to, the framework provided by the
relative motions of the encompassing plates.

An intimate relationship must exist between relative plate motions and
the geology of an interplate region; iterative integration of the two
dérives plate boundary schemes through time [Dewey et al. 1973; Pindell and
Dewey, 1982], and each provides a test for the other. Stable, transgressive
carbonate platforms or passive margins may be associated with drift phases
following continental breakup, whereas folding, arc volcanism, metamorphism

and obduction of ophiolitic rocks may be associated with convergent phases



of ocean closure, In addition, linear belts of uplifted basement rocks in
flower structure often represent zones of strike-slip motion, which, in turn
may relate directly to portions of relative motion vectors,

On a finer scale, motions of the smaller intervening microplates of the
interplate region may be inferred by paleomagnetic measurements, deformation
styles on microplate borders, vergence of . thrusting in ophiolitic belts,
polarity indicators 1in arc terranes, orientations of paired metamorphic
belts, provenance and facies considerations in sedimentary rocks, linear
magnetic anomalies in trapped oceanic basins, major strike-slip faults with
measurable offsets, and a variety of other indicators which may be unique to
the region in question, But all of the above must ultimately be constrained
by the paleopositions and relative motions of the encompassing major
plates. The importance of that framework cannot be overemphasized,

In the case of the Gulf of Mexico and Caribbean region, the starting

point is the reconétruction of western Pangea (Norfh and South Ame;iﬁé,
Africa, and the pre-Mesozoic continental blocks of Yucatan, Central America
and the Bahamas). The pertinent relative motion histories are North
America/South America and, to a lesser extent, North America/Farallon. The
region whose geology must be integrated into that framework includes the
Caribbean itself, the Gulf of Mexico, Yucatan, Mexico, Central America, and

northern South America,

Organization:

This thesis is organized by the logical progression of the methodology
outlined above, which coincides roughly with a forward progression in the
geological history of the Gulf and Caribbean region., In the first chapter,

a detailed reconstruction of western Pangea (the Alleghenides) 1is derived,
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In the second chapter, starting with the Latc Paleozoic
reconstruction, the kinematic framework of relative plate motious siunce the
Triassic is developed and defined. This is followed by a chapter on the
geology and evolution of the Gulf of Mexico region, which is theoretical in
nature, Chapters 4 and 5 summarize the results of field work done in
northern Dominican  Republic (Puerto Plate area) and in southwestern
Dominican  Republic (eastern Sierra  Baharuco, San  Juan Valley),
respeétivelyo These results provide critical input to the Caribbean
evolutionary model presented later., Chapter 6 is a review of .the primary
geological features of the Caribbean, in which firstcorderAplatectectonic
elements and their significance are defined, such as arcs, suture zones, and
. back-arc basins. Chapter 7 1is another theoretical analysis, on the
neotectonic deformation and evolution of the northern South American
borderlands, Finally, chapter 8 integrates all of the above into a
geologic-kinematic platéstectonic model for the evolution of the Caribbean
region as a whole. The model is presented in a series of 11 plate boundary
mapsp‘wiﬁh vector triangles defining the direction and rate !of relative

plate motions., In'a final "chapter,"”

conclusions derived from, and problems
remaining in, the model are discussed, and areas requiring further work from

an inductive approach are defined.



CHAPTER 1

THE ALLEGHENIAN RECONSTRUCTION



THE ALLEGHENYAN RECONSTRUCYTION:

Introduction:

The Upper Paleozoic of eastern, central, and southern North America is
underscored by two important facts. Firset, the Late Paleozoic belt of
deformation (Appalachians, Ouachitas, Marathon, Huastecans) and its
associated foreland basins in the.UOSQ interior are continuous from at least
Nova Scotia to Mexico. Second, there is no evidence for the existence of
marine conditions during the Upper Permian to Middle Triassic, throughout
southern, central and eastern North America, or the circum-Gulf region,
These two important facts suggest that the circum=Atlantic continents and
the continental blocks within the Gulf/Caribbean realm must have achieved
complete Paleozoic ocean closure,

Because of repeated Paleozoic orogeny in.the Appalachians, and because
the terms Appalachian, Ouachita, Marathon and Huastecan deécribe geographic
portions of a single continuous, but diachronous, belt of Late Paleozoic
deformation, the term "Alleghenides" is used here to describe collectively
those Late Mississippian-Middle Permian tectonic features and metamorphism -
that were created by the diachronous ocean closure between Gondwana and
American portions of Laurussia [Graham et al., 1975:; Kluth and Coney, 1981;
Pindell and Dewey, 1982; Dewey, 1982; Bradley, 1982].

The Alleghenian reconstruction must provide an internally consistent
rearrangement of interpreted tectonic provinces énd metamorphic zones from
the various continental blocks. The rearrangement of provihces is made

difficult by the fact that Jurassic continental breakup has followed
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reconstruction because Che opoosing continents had littie in common prior to
collisiecn, and the majority of Triassic cCeposition upon each consists of ved
beds  that are Iithologically similar and difficultt to correlate
biostratigraphically,

Before a reconstruction of Alleghenian tectonic features may be
attempted, simple geometric constraints must first be considered. These
include (1) identification of all pre-Mesozoic continental crust involved in
Alleghenian orogenesis, (2) restoration to original crusfal thickness the
attenuation undergbne by each margin and block during Late Triassic and
Jurassic rifting, and (3) retraction, where possibie9 of post-Permian
offsets on intracontinental fault systems such as those in Mexico [Anderson
and Schmidt, 1983] and in northwest South America (see chapter 7). The most
critical constraint, however, is the proper realignment of the
circum-Atlantic continents by closure of the Central, Equatorial, and the
Sovuth Atlantic Oceoans. Various ocean-clusure models differ greatly and have
drastically different implications for Alleghenian reconstructions,

Three differently derived ocean-closure models (Figure l.la,b,c) stand
out as 1important: least-error fitting of the 1000 fathom (2000 meter)
isobaths [Bullard et al., 1965]; realignment of marginal offsets and
fracture zones from opposing continental margins [LePichon and Fox, 1971];
and least-error fitting of paleomagnetic poles of Permian age for each of
the three continents [Van der Voo et al., 1976]. The least-error fitting of
present margins does not recognize the blanketing effect of post-breakup
marginal sedimentation on the true marginal configuration of pre-Mesozoic
basement. The realignment of marginal offsets and fracture zones is a

requirement at the commencement of continental breakup. The fit suggested
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Figure 1.l1. Four initial reconstructions of the major circum-Atlantic
continents (Mercator Projection in a present-day North American
reference frame) commonly used as starting points in models of
Gulf/Caribbean evolution. Shaded areas indicate non-continental gaps
within the reconstructions. MSM, Mojave-Sonora Megashear; App,
Appalachians; Ou, Ouachitas; M, Marathons; Ma, Mauritanides; TMVBL,
Trans-Mexican Volcanic Belt Lineament: FSB, Florida Straits Blocks CP,
Coahuila Peninsula; S, Sabine Uplift; W, Wiggins Arch; MG, Florida
Middle Grounds Arch; SB, Suwannee Basin: BB, Bove Basin,
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tiocm overlaps coutinenizd crust in PFlorida and northernmost

Mexziceo, and leaves no wveoowr ifov  ihe inoeortion of additiownal conbtinenial

locks beiween Novth and South Americgc As is, +the peleomasgnetic il does
not explain ithe gecmetry of the Alleghenian features of North America, ATl
of these fits use the South Atlantic fit of Bullard et al. [1965], which
contains significant error because the 1000 fathom isobath along the Amazon
portion of the Brazilian shelf does not coincide with the continental limit
[Pindell and Dewey, 1982; Klitgord et al., 1984].

Figure 1.1d schematically shows a fourth reconstruction, which is
developed in this chapter, This reconstuction, among the other
considérations mentioned above, incorporates a  tighter  Guinea--Brazil
juxtaposition across the Equatorial Atlantic.. This difference results in 1)
North America and Africa remaining approximately in their s§n=fift
relationship as defined by marginal offsets of fracture zones, and 2) Late

Paleozoic paleomagnetic poles for South America aligning with those for

North America. Hence, the strong points of Figures 1.lb and 1l.lc are

The following discussion on various aspects of the derivation of the
Alleghenian reconstruction refers heavily to Figure 1.2, which outlines
primary Gulf-region geological features, - The Alleghenian
paleoreconstruction is presented . in Figure 1.3. Table 1.1 defines

abbreviations, and interprets geological features, portrayed in Figure 1.3,

Louann and Campeche Salt Alignment:

One very simple but important key to Alleghenian paleogeography which
arises from the Mesozoic rifting history, rather than the Late Paleozoic

closure history, of the Orogen is the symmetrically disposed Louann and
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Figure 1.2. General tectonic and locality map of the Gulf region. MSM,
Mo jave-Sonora Megashear; TMVBL, Trans-Mexican Volcanic Belt Lineament;
SU, Sabine Uplift; MU, Monroe Uplift; JD, Jackson Dome; WA, Wiggins
Archy MGA, Florida Middle Grounds Arch; SG, Sierra Guaniguanico,
presently of western Cuba but was northeastern corner of Yucatan block
prior to Paleogene; BSMA, Blake Spur Magnetic Anomaly; M-25, M-21,
M=16, M-11 are Central North Atlantic magnetic anomalies,
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Figure 1.3. Late Permian Alleghenides reconstruction derived in text,

abbreviations and numeric labels defined in Table 1.1.

Total

rotation

parameters for closure defined in Tables 2.3, 2.4 and 2.5 (chapter 2).
Chortis block and Mexico south of the Trans-Mexican Volcanic Belt not

.included because their Permian positions are unknown,



Abbrevietion

AB

ApB

ArB
ArdB

ArM

BB

BRP

BWB

BZ

CA

CB

CP

cC

Ch-SRG

DB

TABLE 1.1 Key and Interpretive Glossary to Figure 1.3

Explanation

Anadarko Basin., Carboniferous extensional and right-lateral
strike.glip basin, compressed in Late Pennsylvanian and/or
Early Permian,

Appalachian Basin. Devonian to Carboniferous foreland
sedimentary basin resulting from load of Appalachian thrust
sheets,

Arkoma Basin. Carboniferous foreland basin resulting from load
of Quachita thrust sheets to the south,

Ardmore Basin., Subbasin of Anadarko Basin, sits amidst dextral
strike-slip zone.

Arbuckle Mountains. Dextral shear zone in North American
foreland, probably related to Wichita Uplift. Active during
Pennsylvanian,

Bove Basin., Platform sequence (terrigenous) of Paleozoic age,
rocks correlatable to Florida‘’s Suwannee Basin.

Blue Ridge Province, Metamorphic thrusted nappes in central
Appalachians, thrusting caused by collision of Africa with
North America.

Black Warrior Basin., Carboniferous foreland basin resulting
from load of Appalachian thrust sheets.,

Brevard Zone. High-angle reverse and/or strike-slip fanlt in
southern Appalachians, possible zone of lateral escape during
Alleghenian compression,

Cincinnati Arch. Foreland bulge caused by lithospheric flexure
from load of Appalachians.

Chihuahua Block. Zone north of Mojave-Sonora Megashear bhut
south of Rio Grande which underwent basement reactivation
during Jurassic (sinistral shear) and Cretaceous (compression),
In Figure 1.3, a homogeneous simple shear totalling 100 km
across the block has been restored to the northwest,

Coahuila Platform., Block accreted to North America during
Alleghenian assembly, possibly originally part of Gondwana but
stranded during rifting, may represent Late Paleozoic arc
created by closure between North America and Gondwana,
Cordillera Central, Colombia. Presumably formed northwest
margin of South America throughout Paleczoic to Late
Cretaceous. Age and chemistry of Paleozoic and Mesozoic
plutonic rocks questionable, but may have been Late Paleoczoic
arc prior to ocean closure. Mesozoic-Cenozoic arc volcanism
has occurred here as well,

Chuacus-Santa Rosa Group. Chuacus Group are metamorphosed (in
early Carboniferous) igneous and sedimentary rocks of Guatemala
belonging to Yucatan block. Metamorphism relates to
continental collision. The Upper Pennsylvanian to Lower
Permian Santa Rosa Group unconformably overlies the Chuacus,
and was deposited in a shallow sea behind the main Alleghenian
thrust belts,

Delaware Basin. Extensional, right-lateral strike-slip basiq of
Early Permian age, Relates to the escape of the Mexican
peninsula during continental collision,



Abbreviation

D EPS

DRU

EC

GP

1B

KB
LU

MA

=

MFB

MiB

MGA
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TABLE 1.1, (coamtinued)

Explanation

Desmoiresian Lower Permian Sediments., Postorogernic

shailow -water wmoiasse deposited behind Quachita thrust zone,
Coxyvelated with Santa Resa Group (Yucatan Block) and Permian of
Colombia.

Devil's River Uplift. Right lateral shear zone created by
northvestward migration of Marathon region along southern side
of [lano Uplift during ocean closure,

Eastern Cordillera. Uplifted since Late Miocene due to
compression and dextral strike slip motion caused by
Panama--Colombia collision., Was shallow -water sea and received
Permian molasse from adjacent uplifted Cordillera Central
during collision,

Fagle Mills Formation. Predominantly Upper Triassic continental
red beds filling grabens and obscuring basement,

Fort Worth Basin. Pennsylvanian foreland basin related to
loading of Quachita structural belt,

Guajira Block. A northern extension of Cordillera Central (see
Cordillera Central).

Guinea Plateau, Extended and submerged pre-Mesozoic continental
crust which must be included in Alleghenian reconstruction,
I1linois Basin. Intracontinental basin initiated during Early
Paleozoic, reactivated in Alleghenian orogeny with the
intersection of Mississippi Embayment and Rough Creek fault
trends.,

Kerr Basin. Early Permian foreland basin, related to loading by
Marathon thrust sheets (Ouachita structural belt).,

Llano Uplifi. Stable buttress of North America during
collision, foreland bulge to the Ouachita structural belt,
Merida Andes, Uplifted since Late Miocene during Andean
Orogeny. Was shallow--water sea and received Permian molasse
from nearby uplifted Cordillera Central (Santa Marta and
Guajira).

Marfa Basin. Early Permian foreland basin related to loading of
Marathon thrust sheets,

Mississippi Embayment. Structural low, floored by Precambrian
rift, only slightly reactivated during Alleghenian collision
and Mesozoic rifting, but underwent extension and volcanism in
Cretaceous,

Mauritanides Foreland Basins. Devonian to Permian foreland
basins related to loading by Mauritanides thrust sheets during
collision, _

Midland Basin., Shallow, cratonic basin adjacent to Delaware
Basin, cause uncertain,

Middle Grounds Arch of Northwest Florida Platform. Structural
basement high, or horst, defines edge of pre-Mesozoic
continental crust in northeast Gulf.

Marathon Mountains. Metamorphosed Paleozoic continental rise
and slope sediments and orogenic flysch thrust up onto North
American shelf sequence during Late Pennsylvanian to Early
Permian time.



Abbreviation

MPG

MSB

MU

MyM

ND

Ob

PMSM

PT

PTFS

RCFZ

SG

SM
TA
VRP
VVB

WA

TABLE 1.1 (continued)

Explanation

Mexican Paleozoic Geosyncline., Foreland basin related to
emplacement of Huastecan thrust sheets during Early to Middle
Permian time,

Mississippi Slate Belt., Dextral shear zone created by migration
of Ouachita region and Yucatan along southern end of
Appalachians during Carboniferous ocean closure,

Monroe Uplift. Basement high, possibly stranded continental
remnant of Gondwana.

Maya Mountains. Deformed Upper Paleozoic igneous and
sedimentary rocks. Shales and sands (Maya Series) correlated
to Santa Rosa of Guatemala, Desmoinesian-Farly Permian
sediments of U.S., Gulf Coast, and Lower Permian of Colombia.
Nashville Dome. Southern portion of Cincinnati Arch (see
Cincinnati Arch).

Ozark Dome., Structural basement high, foreland bulge related to
loading of Ouachita thrust belt.

Paraguana Block. Northward extension of Cordillera Central (see
Cordillera Central).

Proto-Mojave-Sonora Megashear. Possible? zone of dextral
continental escape during collision.

Pedregosa Trough. Foreland basin related to emplacement of
Huastecan thrusts in Permian time. May also be site of dextral
transform motion allowing continental escape of Mexican
peninsula,

Pedregosa Trough Fault System., Postulated zone of dextral slip
enhancing development of Pedregosa Trough and allowing
continental escape of Mexican peninsula.

Rough Creek Fault Zone. Zone of intracontinental dextral shear,
accommodating shortening in southern Appalachians during
Carboniferous.,

Sierra Guaniguanico, Cuba. Prior to Paleogene Cuba-Bahamas
collision, this continental crust belonged to northeast margin
of Yucatan.

Santa Marta Block. Northern extension of Cordillera Central
(see Cordillera Central).

Tampa Arch. Pre-}Mesozoic basement high off southwest Florida
Platform, forms western portion of Florida Straits Block.
Valley and Ridge Province. Folded platform cover in front of
primary Appalachian thrust sheets.

Val Verde Basin. Early Permian foreland basin related to
loading by Marathon thrust sheets,

Wiggins Arch. Metamorphic pre-Mesozoic basement high,
originally part of Gondwana.

Wichita Uplift. Dextral shear zone related to minor
Pennsylvanian northwestward displacement of Llano block
relative to midcontinent,

Franklin Mountains. Upper Paleozoic carbonate shelf of North
America [Bridges, 1970].



16

TABLE 1.1 (continued)

Abbreviation Explanation

2 Bisbee, Arizona. Upper Paleozoic carbonate shelf of North
America [Bridges, 1970].

3 Cananea, Upper Paleozoic carbonate shelf of North America
[Bridges, 1970].

& Sierra Los Ajos. Upper Paleozoic carbonate shelf of North
America [Bridges, 1970].

5 El Tigre. Upper Paleozoic carbonate shelf of North America
[Bridges, 1970],

6 Solitario. Surface exposure of southern continuation of
Marathon belt [Bridges, 1970].

7 Mina Plomosas-Placer de Guadalupe. Marathon equivalent,

Ordovician to Devonian limestone, dolostone, chert,
Carboniferous shale and carbonate, Permian reefs and shale
[King, 1975].

8 Sierra del Cuervo. Wolfcampian highly deformed but little
metamor phosed shale and sand [King, 1975].

9 Sierra de la Mojina. Lower Cretaceous conglomerate with
metasedimentary clasts with ages of 330-350 Ma [King, 1975].

10 Villa Ahumada Borehole. 1600 m of shale and silt, upper part
Wolfcampian [Bridges, 1970].

11 Ciudad Victoria (west of). Thrust slices of Precambrian

gueiss, schists, Silurian to Devonian black shale, cleaved
Carboniferous-Permian flysch, ultramafics [King, 1975; De
Cserna, 19763 Salas, 1970],

12 Aramberri. Pre-Mesozoic phyllites, schists, metavolcanics
[King, 1975].

13 Catorce. Ultramafic (ophiolite?) obducted with the Huastecans
[de Cserna, 1976].

14 Potrero de la Mula., Granodiorite plutons dated at 206 HMa,
dating is questionable [King, 1975],

15 Las Delicias. Permian volcaniclastic shale and greywacke, reefy

carbonates, highly folded, and intruded by Triassic (cooling
age) granite ([King, 1975].

16 Sierra del Carmen. Phyllite, marble, quartzite, greenschists,
263-275 Ma on metamorphics [King, 1975].

17 Borehole. Bottomed in Paleozoic schists [King, 1975].

18 _ Borehole, Bottomed in Paleozoic slate and quartzite [King,
1975].,

19 Borehole, Bottomed in granite-gneiss, 358 Ma [King, 1975 Flawn
et al., 1961].

20 Borehole. Bottomed in Paleozoic granite [King, 1975].

21 Cajamarca Group. Exposures of orthogneiss, tuffs, basic lavas,

metatonalites. Metamorphic cooling ages: biotite, 239 Ma;
muscovite, 214 Ma [Irving, 1971, 1975; Shagam, 1975].

22 Granitic schists, metamorphism 215 Ma [Irving, 1975].
23 Granitic schists, metamorphism 220 Ma [Irving, 1975].
24 Borehole, Yucatan no., 1. Meta-andesite, 330 Ma and 290 Ma-

[Marshall, 1974].
25 Borehole. Yucatan no. 4. Metaquartzite [Marshall, 1974].
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TABLE 1.1 (continued)

Fxplanation

Borehole., DSDY 537. Phyllite, 449 Ma and 456 Ma [Schlager ct
al. 19847j,

Borehole. DSDP 538A. Amphibolite gneiss, 406 Ma and 348 Ma.
Also diabase, 190 Ma and 165 Ma on different sills [Schlager et -
al, 1984].

Borehole. Pre-Jurassic(?) granodiorite R. N. Erlich, personal
communication, 1984).

Borehole. Pre--Jurassic(?) granite (R. N. Erlich, personal
communication, 1984).

Borehole. Mississippian rhyolitic tuffs [Nicholas and Waddell,
19827,

Borehole. Desmoinesian-Early Permian shallow-water, undeformed
clastics and carbonates [Nicholas and Waddell, 1982].

Borehole. Granite and phyllite, metamorphic ages of 270 Ma to
325 Ma [Cagle and Khan, 1983; J. Cagle, personal communication,
1984],

Borehole. Precambrian at 8,877 feet [Case and Holcombe, 1980].
El Baul. Paleozoic sediments metamorphosed in Late Paleozoic,
granite intrusion 287 Ma [Feo-Codecido et al., 1984].




Campeche salt deposits in the Gulf of Mexico (Figure 1.2). Models of plare
separation (and hence of reconstruction) must recognize that seafloow
spreading separated a once single Gulf wide salt peu into its component
paris [White, 1980], Thus, it is prebable that the Yucatan block, but not
the Chortis block, fit between the U,S. Gulf Coast and Venezuela prior to
salt deposition, This positioning of Yucatan provides the necessary
geometry of opposing margins for a tight fit between Gondwana and Laurussia,

and explains the Ouachita structural embayment of the Alleghenian Orogen.

The Florida Straits Block

Several lines of evidence suggest that southern Florida and much of the
Bahamas Platform are underlain by pre-Mesozoic¢ continental «crust, a block
(or blocks) referred to here as the Florida Straits block (Figure 1.2).

The nature and age of basement beneath the Bahamas has been debated for
decades, as geophysical and well data have not yet provided a conclusive
answer., However, gravimetric, magnetic, and seismic data [Uchupi et al.;
1971} suggest that presumably pre-Mesozoic, attenuated continental crust
underlies the western half of the platform, whereas the eastern half is
oceanic., Basement of the oceanic portion must have been raised to the
photic zone early on to initiate carbonate bank de?elopmentg presumably by
plate motions along transform faults, or by volcanism, during the separation
of North America and Gondwana. Recently acquired seismic data along the
northern Bahamian margin (J. W. Ladd, personal communication, 1984) indicate
that the western Bahamas are underlain by attenuated continental crust as
far east as Tongue of the Ocean. A similar eastward extent is suggested by

the Punta Alegre evaporites of northern Cuba [Pardo, 1975] and by the

possible salt occurrence [Lidz, 1973] beneath Exuma Sound (Figure 1.2), if



it is assumed that evaporite sequences pertaining to continental hreakup are
formad primarily in shallow water, often on attenvated continental crust duc
to initial subsidence during rifting. The southern mavgin of the Bahamas
vas imbricated in thrusts as Cuba collided with the Bahamas in the Paleogene
[Gealey, 1980; Dickinson and Comney, 1980], providing surface exposures in
northern Cuba of early Bahamian stratigraphy. The eastward extent of the
Punta Alegre closely matches the extent of continental crust suggested by
Uchupi et al. [1971].

In the subsurface of the southern Florida Shelf, the recent drilling of
granitic basement rocks of the Tampa Arch (Figure 1.2) at depths of 3 to 3.7
kilometres (R. N. Erlich, personal communication, 1984) also demonstrates
the existence of attenuated continental crust, Further, seismic sections
presented in Schlager et al. [1984] show a block-faulted basement beneath
the sedimentary section of the northern wall of the Florida Straits Channel.
Hence, the Jurassic rhyolites and basalts of the South Florida Volcanic
Province of Klitgord et al. [1984] intrude and cover this stretched
continental crust, and reflect intracontinental volcanism during Mesczoic
rifting between Africa and southeastern North America.

It appears that the Florida Straits block (or blocks) of attenuated
_pre-Mesozoic continental crust underlies southern Florida, the southern
Florida Shelf, and the western half of the Bahamas (Figure 1.2), and must be
included in Alleghenian reconstructions. The fact that much of this crust
overlaps Africa when the Atlantic Ocean is closed indicates that crust of
the Florida Straits block has migrated some distance into its present
position, either by internal extension during rifting or by translation from
the site of the present eastern Gulf of Mexico along plate boundaries, as in

Pilger [1978]. It will be seen that both mechanisms probably occurred,
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Stretching Analysis of Rifted Margins:

Avegs presently undevlain by pre Mesozoic continental crust that must
be dintegraied inte the Alleghenian assembly are shown dn Figure 1.4,
. excluding western Africa, and include the U.S. Guif Coast margin and eastern
Mexico, merthern South America, &he Yucatan block, Florida, the Blake
Plateau, and the Florida Straits block, The Antilles and the Panama--Costa
Rican isthmus are post-Alleghenian, Cretaceous and Cenoéoic island arc
complexes built on Late Mesozoic ocean floor. The continental crust of the
Chortis block (Figure 1.2) enﬁered the Caribbean region from the Pacific
realm during the Late Cretaceous-Paleogene [Dickinson and Coney, 1980; Wadge
and Burke, 1983] and, hence, does not need to be considered in the
reconstruction. The margins of the pre-Mesozoic blocks were considerably
attenuated during Mesozoic rifting, so that their present geographic
dimensions greatly exceed their former, prerift dimensicns, and this
extension must be restored in proper reconstructions of western Pangea.,

The cross-sectional geometry of continental crust along each margin may
be estimated by isostatically balancing various thicknesses of sediment,
crust, upper mantle, and water, at several locations across the margin, with
an equivalént column of 'normal”™ continental crust. The depth to the
sediment-crust interface can be determined seismically (reflection and
refraction), but identification of the crust-upper mantle boundary is more
difficult., Where possible, a component of subsidence due to flexure at the
margin should be accounted for. Post-rift sedimentary onlap makes most
rifted margins appear as though stretching has occurred farther inland than
it actually has. This is matched by a corresponding sedimentary section in
the stretched =zone where more stretching has occurred than is indicated by
Airy isostatic balancing, and the two effects compete with each other

[Watts, 1981]. However, within the stretched zone itself, the effects of
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Figure 1.4, Areas of pre-Mesozoic¢ continental crust in the Gulf-Caribbean
region and amount of synrift extension and/or subsequent change in
shape, Pre-rift 1limits were determined by restoring Jurassic
lithospheric attenuation of the rifted margins and blocks, and by
restoring Neogene offsets of faults within northern South America (see
chapter 7), which collectively places the northern Andean terranes to
the southwest 1in the present Panama Basin area. Beta values, or
amounts of stretching, for various margins and blocks indicate average
crustal attenuation within those margins. Prerift shapes are used in
the Alleghenian reconstruction of Figure 1.3. Pre-Mesozoic crustal
extent and extension of Chortis block are uncertain. MSM,
Mojave-Sonora Megashear after Anderson and Schmidt [1983]; TMVBL,
Trans-Mexican Volcanic Belt Lineament; SU, Sabine Uplift; MU, Monroe
Uplift; JD, Jackson Dome; WA, Wiggins Arch.



flexure are not well understood because the crust undergoes complex changes
in flexural figidity during rifting. Therefore, an Airy model is used here
in highly attenuated portions of margins. From lithospheric cross sections,
total crustal extension may be estimated, assuming plane strain and
conservation of continental crust, and discounting subsidence in the wings
due to flexure, by defining a line that divides equally the cross-sectional
area of continental crust on its oceanward side and the cross-sectional area
of sediment and raised mantle on its landward side (Figure 1.5). By
estimating the position of this 1line intermittently along each margin, the
restored, prerift geometries may be approximated.

U.S. Gulf Coast and eastern Mexico. Figure 1.5 illustrates the

restoration of attenuation in the case of the U.S. Gulf Coast, where crustal
attenuation across a 760-km-wide zone was extreme. Sediment thicknesses of
13.4 to 14.6 km beneath O to 1 km of water in the Gulf Coast basin [Antoine
et al,, 1974] suggest beta values approaching 4. In northern Louisiana,
southern Mississippi and east Texas, as far north as the Talco-South
Arkansas-Pickens=Gilbertown fault system, shallow listric faults and rift
structures indicate that basement attenuation occur_redg but was relatively
minor compared to southern Louisiana and offshore., Subsidence has been due
largely to flexure caused by sediment loading in the Gulf, although
significant rifting occurred in the East Texas, North Louisiana and Central
Mississippi salt basins., Nunn [1982] estimated beta values in these small
basins between 1.5 and 2, but these are perhaps overestimates because they
are upper crustal extensions not involving the entire 1lithosphere.
Integration across the 760-km-wide Gulf Coast Plain and margin yields a net
north-south extension due to rifting of about 400 km, or an average beta
factor of 2.1 (Figure 1.,5). Thus, the prerift 1limit of pre-Mesozoic

continental crust through central Louisiana 1lies at about 30.5 N,



X

-2
o -

(zm)

ZYIL

20 <

CELoW 8Ga L

BE2TH

30

e ey e

]
—

YOCUYAVE CAULY #0050 ongl ._LI

00 agy 06o

200 LA
cuAC:HVAD \ V/ F \—%—
7\\, : _— ‘_;/" 4] WAYEA Pe 1.0 gree
COUTH ADSANOAD HIZCT 2650 0CDMZINY £ 2.3 gree
eaust 20ma
GUDVOULD LILUY 00 k10
CL-12000201C CRUOT &
- Y V<
< l-
Y Vv
4 Q§Q<§§\\\£i\ a
CORVIZANYAL CRUOY A3 2.0 g/ec \ \\\\\ h—
, =20
\-\ \ 0CIAN-CURYEILAY
- 0OURDARY
/ nANYLZ Ao 3.3 gree
/,I 30
<1 ADBT {1
—— | DEITHONAL RUSYORATION
— - ouC TO CRVINOION .
] T} noavw op mmaa 20ea Lifo of voction
VERTICAL CRACCERATION 0.0 anaa o7 |7 seuats anaa ov [ w2
R a0

40

Figur

e 1.5, Theoretical cross section of the U.S. Gulf Coast margin through
and offshore Louisiana, crossing the Sabine Uplift. Estimated depth to
basement after Antoine et al. [1974] and Woods and Addington [1973],
ocean~continent boundary after Buffler et al. [1981]. South of the
apparent hinge zone, crust, mantle, sediment and water are balanced
with an equivalent column of normal crust using an isostatic Airy model
ignoring flexure, vwhich is an adequate approximation in this area as
the effective rigidity of the lithosphere was thermally reset (reduced)
during rifting. Subsidence over the 220 km of the Gulf Coast to the
north of the hinge zone is largely due to flexure, but extensional
basement faulting did occur (South Arkansas fault zone, Gulf Coast salt
basins, for example). An average extension of 207 (beta=1.2) is
estimated for this zone, considering that little or no rifting occurred
within Sabine Uplift and that beta estimations of 1.5 to 2 for
stretching in the salt basins which assume homogeneous stretching of
the entire 1lithoshere [Nunn, 1982] are probably overestimates. Hence,
only an additional 44 km are removed from the restored limit determined
by Airy balancing south of the hinge zone.
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pre Mesozoic crust shown in Figure 1.4,

Along eastern Mexico, basement drops off quickly along the eastern side
of the Tamaulipas Arch, the Golden Lane high, and offshore along Veracruz
(Figure 1.2). As will be discussed later, this curvilinear line defines a
margin viewed here as the remains of a transform fault between Mexico and
Yucatan which formed as the latter migrated away from the U.S. Gulf Coast.
Hence, crustal attenuation due to rifting is believed to be negligible,

The Yucatan block. Basement beneath the Yucatan Peninsula lies beneath

a 4-km=thick predominantly Late .Jurassic to Cretaceous carbonate—evaporéte
section [Lopez Ramos, 1975], except in the southern, orogenically active
portion and along the eastern basement high. The thickness of this section
suggests a 207 extension of crust, but the absence of a well developed
rift-related clastic section may indicate that much of this deposition is
due to flexure-induced subsidence relating to the cooling and loading of the
surrounding oceanic crust. Greater but uncertain sedimentary thicknesses
occur beneath the Campeche Shelf, where rifting probably was more severe.,
Neorthwest of the ‘Campeche Escarpment, an 80-km-wide rifted margin is
overlain by 7 to 8 km of sediment and about 3 km of water [Buffler et al.,
1980}, suggesting a beta factor of about 5 and 64 km of extension within
this narrow belt. Sediment thicknesses beneath Tabasco and westernmost
Campeche (6 km) and offshore beneath Campeche Bay (8.5 km, under 2 km of
water) [Buffler et al., 1984] indicate beta values of 1.5 to 3.7 over a
400-km-long, northwest trending, cross-section. In addition to strethingg
Cenozoic faulting also has altered the original shape of Yucatan., First,
continental, terrigenous shelf sediments and crust originally belonging to

the northeastern Yucatan block but presently in Sierra Guaniguanico of
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western Cuba (Figure 1.2) was caught up in the Paleogene collision of Cuba
with the Bahamas. Second, sinistral displacement (about 130 km) of Yucatan
basement has occurred along the Polochic Fault of Guatemala during the
Neogene [Burkart, 1978, 1983; Deaton and Burkart, 1984]. Both offsets must
be restored to original geometry,

Following these considerations, and assuming that the Yucatan
Platform's 4 to 5 km thick sedimentary section is half due to subsidence
arising from stretching and half from flexure, the prerift shape of the
Yucatan block (Figure 1.4) was approximately 207 smaller than it is today.
The direction of extension is northwest (present coordinates), perpendicular
to the Campeche Escarpment,

Synrift continental extension in Yucatan combined with that in the U.S,

Gulf coast, then, is about 500 to 520 km, in close agreement with the

estimate of 490 km by Sawyer [1984].

Blake Plateau and Florida Straits block. Crustal attenuation in the

Blake Plateau and Florida Straits block appears to be genetically related to
the separation of Africa from North America. The sedimentary section lying
upon block-faulted basement beneath the Blake Plateau is about 11 km thick
[Grow and Sheridan, 1981] and water depths average 1 km. These values
indicate beta values of about 3. The extension appears to be in a southeast
direction, parallel to the divergence of Africa from North America. Thus, in
the Alleghenian reconstruction the Blake Plateau must be restored to about
33% of its present size in a northwest direction.

Beneath the northern half of the Florida Straits block, the postrifting
sedimentary section is 7 to 8 km thick (J. W. Ladd, personal communication,
1984), but in the South Florida Basin (south of Tampé Arch, Figure 1.2) and
north of Cuba thicknesses may reach 12 km [Meyerhoff and Hatten, 1974], In

the area of Cay Sal Bank, the 12 km sediment thickness is partly due to



thrust dimbrication pertaining to the Paleogene Cuba--Bahamas ollision

(@]

[Dickinson and Coney, 1980;: Gealecy, 1980], whereas ihe 9 km thick section in

o

the Andros area ahead of the thrusts [Meyerhoff and Hatten, 1974] is largely
due to increased subsidence and sedimentation rates caused by foreland
loading., In the Andros well, Paleocene-Middle Focene deposition occurred 5
times faster than beforeland after this foredeep development [Paulus, 1972],
leading to an accumulation of about 1.5 km greater than would have been
allowed by subsidence arising from thermal decay and sedimentary loading;
therefore, only about 7.5 km of the total deposition was driven by
stretching and thermally induced sedimentary loading., Offshore at Tampa
Arch and its flanking Florida Flbow and South Florida Basins, depth to
basement ranges from 3 km to over 6 km (R. N. Erlich, personal
communication, 1984), suggesting beta values of 1?2 to 1.8,

Because of the comlexity of the Florida Straits region, flexure is only
considered as it pertains to the Paleogene collision with Cuba. By
iniegrating the above sediment thicknesses over the geographic area for
which they exist and discounting the effects of the collision, a
rifting-induced sedimentary sequence averaging about 8 km is indicated for
the Florida Straits block as a whole, which suggests a beta factor of about
1.8 that must be restored in the Allegﬁenian reconstruction,

Northern South America. Because the northern South American rifted

margin has been so highly obscured by compressive deformation related to
Caribbean evolution, crustal attenuation due to rifting cannot be
estimatedo 'Howeverg significant changes in the shape of northern South
America due to accretion and to internal strike-slip motions may be

quantified, as outlined in the next section.

Change in Shape of Northern South Americas
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Three episodes of tectonism have significantly altered the Jurassic
shape of northern South America siunce the breakup of Pangea., The first was
the accreticn of Cretaceous aged basement of the Western Cordillera of
Colowbia and Ecuador in Late Cretaceous time [Barrervo, 1979: Mooney, 19807].
The second was the accretion of the Netherlands--Venezuelan Antilles volcanic
arc (Aruba, Curacao, Bonaire, Aves, Roques, and Orchila) against the
northern margin of Venezuela in Late Cretaceous to Paleogene time [Maresch,
1974; Gealey, 1980; Beets et al., 1984]}. The third has been internal
deformation, mainly by motion along several strike-slip faults, of northern
South America over the last 9 Ma amounting essentially to 290 km of
northeastward migration of the Andean Cordilleran terranes of FEcuador,
Colombia and northwestern Venezuela, relative to cratonic South America (see
chapter 7). The effects of each episode on northern South American geography
are approximated helow, |

Quantifying the late Neogene deformation of northern South America to
determine its paleogeography at 9 Ma is achieved by restoring known and
inferred post-nine Ma offsets upon faults and plate boundaries separating
terranes and plates of the southern Caribbean realm (chapter 7). Late
Ne;gene motions. between the terranes and plates can be described by a
vector-triangle diagram (Figure 1.6), the restoration of which produces the
9 Ma paleogeography of Figure 1.7. The cause of this uplift and deformation,
and drastic paleogeographic change, is, most likely, the progressive
collision of the Panama arc with western Colombia [Pindell and Dewey, 1982;
Wadge and Burke, 1983], and the subduction of buoyant, young crust produced
at the Galapagos spreading center, which includes the Carnegie and  Cocos
aseismic ridges, beneath the Cordilleran terrane of Colombia and Ecuador,

The islands offshore northern Venezuela (Aruba to Orchila, Figure 1.7,

inset) are composed largely of Upper Cretaceous plutonic and volcanic rocks
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Figure 1.6. Vector-triangle diagram showing trend and magnitude of Neogene
offsets between blocks and plates of the circum-Caribbean region
(derived and referenced in Figure 7.1 of chapter 7). Restoratiou of
offsets derives pre-Late Miocene shape of northern South America, shown
in Figure 1.7.
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intrudine and averlwvineg A
inyruding and cever.ying a

ser Cretaccous mafic scrics which probably
renrasents oceanic  crust [Maresch, 1974: Beets et al., 1984]. Hence, rhe
islands comprise an intraoceanic arce which developed and collided with
Venezuela subsequent to the breakup of Pangea. La Blanquilla (southern
portion of Aves Ridge), Margarita (origin uncertain) and Tobago (accreted to
leading edge of Caribbean Plate at an unknown time) also are composed
entirely of post—Paleozoic rocks., In Venezuela, the ultramafic bearing
Villa de Cura Klippe and associated nappes have been interpreted as the
oceanic forearc [but see Beets et al., 1984] of this Netherlands-Venezuelan
Antilles arc, which was obducted onto northern Venezuela during Late
Cretaceous to Paleogene arc-continent .collision [Maresch, 1974; Gealey,
1980]. Because pre-Mesozoic basement occurs near the coast to the north of
the Villa de Cura, the precollision edge of northern South America
apparently lies along the coast or offshore within the Bonaire Basin, but
the offshore islands must be excluded from Pangean reconstructions,

In the Western Cordillera of Colombia and Ecuador (Figure 1.7, inset),
preACrétacécus rocks are absent. Cretacesus basic igneous rock (Pinan,
Basic Igneous Complex, Diabase Group) overlain by deep-water abyssal
sediments may represent oceanic crust accreted to the Cordillera Central in
the Late Cretaceous [Mooney, 1980;:; Irving, 1975; Shagam, 1975; Feininger and
Bristow, 1980; Barrero, 1979; Goossens and Rose, 1973; Duque-Caro, 1979].
Rocks typical of island-arc volcanism are present [Henderson, 1979], but
these probably postdate the accretion of the basement complex to South
America and, hence, represent arc volcanism along the newly accreted South
American margin rather than volcanism at a preexisting arc of Pacific
provenance that collided with Cordillera Central. The cause of accretion may
have been due to the young age and consequent buoyancy of the oceanic crust;

accretion occurred only a short time after formation., The basement complex
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may, in facr, be an occurrence o¢f occeanic crust that was allected by the
Middle Cretaceous B" extrusion ovent of the Cavibbean Plate [Burke et al.,
1978]) that, rether than entering the Caribbean, was accreted to western
South America., In addition to the Western Cordillera, the Neogene accreted
Panama arc [Wadge and Burke, 1983] also must be removed from South America.
The removal of post-Paleozoic accreted terranes and restoration of
Neogene deformation produces the pre-Campanian shape of northern South
America shown in Figure 1.7, inset. This shape is believed to represent the
Jurassic shape of northern South America, although Sigrra de Santa Marta and
the Guajira Peninsula may have migrated northeastward during the Late
Cretaceous-Paleogene(?) from the area of the Lower Magdelena Valley
[Duque-Caro, 1979]. Also, deformation prior to the Campanian 1is possible,
but the stable shelf conditions that prevailed during the Early Cretaceous

over much of northern South America [Maresch, 1974; Irving, 197/5] suggests

relative tectonic quiescence at that time.

The Equatorial Atlantic (Brazil-Guinea) Assembly:

The opening of the Equatorial Atlantic between northeast Brazil and the
Guinea margin of Africa postdated the opening of the Gulf of Mexico. Because
Africa's relative motion with respect to North America during the opening of
the Gulf can be traced by magnetic anomalies in the Central Atlantic, the
pre-rift reconstruction of South America with northern Africa defines,
through the three-plate circuit, the relative relationship between North and
South America during Gulf evolution,

Pindell and Dewey [1982] and Klitgord et al. [1984] suggested that the
mid-Cretaceous South America-Africa fit of Rabinowitz and LaBrecque [1979],

which is tighter than the South Atlantic fit of Bullard et al. [1965],
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existed also during the Jurassic, and should be used when modeling the Gulf
of Mexico, However, this tighter fit overlaps Precambrian crust between
Liberia and northernmost Brazil by about 30 km, demonstrating the need for
minor improvement. A tevised Equatorial Atlantic reconstruction is shown in
Figure 1.8, which aligns the prerift limits of continental crust along the
northern Brazil and Guinea margins. These limits were determined by
removing marginal sediments and restoring the inferred syn-rift extension,
as in Figure 1.5 for the Gulf margin. This fit describes the interplate
relationship between northern Africa and South America prior to Aptian plate
divergence in the Equatorial Atlantié and throughout the opening of the Gulf

of Mexico,

The Yucatan Block:

The Yucatan block played an important role in the evolution of the Gulf
of Mexico., Its rotated prerift position against Texas and Louisiana as
portrayed by Pindell and Dewey [1987] accounté for such problems as the
Quachita salient and the apparent absence of Late Permian to Triassic marine
rocks in the Gulf region by allowing complete continental closure by the
Permian, Further, magnetic anomaly lineations in the central Gulf of Mexico
are oriented nearly east-west and diverge to the west [Shepherd et al.,
1982; S. Hall, personal communication, 1984]. This trend is clearly distinct
from the Central North Aglantic trend and is consistent with an origin of
the Gulf of Mexico by counterclockwise rotation of Yucatan, as suggested by
Pindell and Dewey [1982].

Rock types also constrain this initial position>of Yucatan, The Chuacus:
Group in Central Guatemala is a metamorphosed (greenschist to émphibolite)

collection of marbles, quartzites, greenstones, schists, serpentinites and
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Figure 1.8, Prerift Equatorial Atlantic reconstruction, matching restored
limits of pre-~Mesozoic continental crust of the continental margins,
methodology for which shown in Figure 1.5. Following "Hypothesis II" of
Delteil et al. [1976], St. Paul fracture zone juxtaposes Cape Palmas
with the mouth of the Amzzon, thc Romanchc juxtsposes Cape ol Tiuee
Points with the Berreirinhas Basin and the Chain juxtaposes the Ilesha
Spur of southwest Nigeria with the Potiguar Basin. Guinea fracture zone
margins well defined by Behrendt et al. [1974], Delteil et al.
[1976], McMaster and Ashraf [1973], and Sibuet and Mascle [1978].
Isopachous data from Asmus and Peonte [1975], Milliman [1979], aud
Whiteman [1982]. Restoration of prerift continental limit beneath Niger
Delta from Delteil et al. [1976]. Cross sections AB and CD constructed
from figure 5 of Milliman [1979], and section EF from Ojeda [1982] and
Asmus and Ponte [1975]. Removal of sediment at Amazon mouth, and
restoration of attenuation in the Amazon and Marajo Basins, allows this
tighter fit. Clockwise rotation of the Para-Maranhao Platform during
plate separation produced the westward deepening Marajo Basin. The
suggested pivot point for closure of Marajo Basin (arrows denote
closure direction) is amidst area of basement fractures, as shown.
Northern edge of Para-Maranhao Platform is-a fracture zone. Note good
alignment of Sao Luis and West African Cratons (heavy 1line with
adjacent dots). Also, gap between Demerara and Guinea Plateaus seen in
the Bullard et al. [1965] fit is avoided, which explains the absence
of Jurassic marine sediment east of the plateaus. The adverse effect
of this Equatorial fit on the southern South Atlantic fit can be
reconciled by restoring extensional deformation in central Africa
[Wright, 1968], and in Argentina. See Table 2.2 of chapter 2 for total
rotation parameters.
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volcanic rocks, with granodiovivic intrusivus, whose age is known only to be
pra Permian on the besis that 1t 1s uncoaforwably ovexlain by the Pecmian

Senta Rosz Group [Roper, 1978; Van den Bocm, 1972; Anderson et al., 19737,
Preserved within a section apparently of the Chuacus Group that was only
moderately metamcrphosed, however, are Carboniferous ‘(probably Lower
Carboniferous) fossils [Van éen Boom, 1972]. Thus, regardless of the
age--range of the Chuacus stratigraphy, the age of metamorphism apparently is
Carboniferous. Isotopic evidence [Gomberg et al., 1968] on the Rabinal
Granite, a probable synmetamorphic melt from the granitization of a Chuacus
arkose [Van den Boom, 1972], produces possible ages of 1075 Ma plus or minus
25 and 345 Ma plus of minus 20, The latter 1is compatible with a Lower
Carboniferous age. It appears, therefore, that the deformation and
metamorphism exhibited by the Chuacus Group can be attributed to Alleghenian
orogenesis., Alleghenian orogenesis as modeled by Dewey [1982] would suggest
a prolonged period of deformation and metamorphism for the rocks of Yucatan,
as they occupied a shear =zone between North and South America from latest
Devonian to carliest Permian time, Further support for proximity of
northwestern South America and North America by Late Devonian time is based
on the presence of Appalachian basin marine invertebrate fauna of that age
in Colombia and Venezuela [Boucot, 1975: Barrett, 1983]. Sediments of the
unconformably overlying.Santa Rosa Group (Permian) probably were shed from
exposed portions of the Chuacus, and other structural highs in the orogenic
zone, into shallow marine molasse basins during the final stages of
orogenesis, as they are far less deformed and relatively unmetamorphosed,

In the Maya MJuntains of Belize (Figure 1.2), a variably deformed,
argillaceous to conglomeratic sequence of Pennsylvanian-Middle Permian age
overlies older (?)gneissic basement with granitic intrusions [Dawe, 1984;

Nelson, 1984; Bateson and Hall, 1977; Dixon, 1957}, At least the upper part
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of the sedimentary sertion consists of shallew water, fossiliferous wolassic

sands, shales and conglomerates, and is lithologically and
bpiostratigraphically correlative with the Santa Rosa Group of Central
Guatemala [Anderson et al., 197/3]. These deposits are very similar in
lithology and age to the Desmoinesian to lLower Permian late to post-orogenic
molasse deposits in the subsurface of the U.,S. Gulf Coast [Woods and
Addington, 1973] and to the Lower Permian strata of northwest South America
[Shagam, 1975}. These localities align in a continuous belt behind the main
Alleghenian thrusted zone to the north, providing support for the
reconstruction from a sedimentological perspective;

In the subsurface of northern Yucatan, meta-andesite/dacite was drilled
(Yucatan No, 1, see Figure 1.2) and isotopically dated as 330 Ma and 290 Ma
[Marshall, 1974]., The andesite may represent an occurrence of the
Alleghenian arc that theoretically should have existed; the 1isotopic age is
consistent with a thermal resetting during the period of closure between
Gondwana and Laurussia. At Catoche and a neighboring knoll of tﬁe Yucatan
block, DSDP holes 538A and 537 (Figure 1.2) reached Paleozoic basement as
well [Schlager et al,, 1984]. Hole 538A sampled amphibolite gneiss with
isotopic ages of 496 and 348 Ma, and hole 537 obtained phyllite with ages of
449 and 456 Ma. The 348 Ma age can be attributed to thermal resetting during
the Alleghenian orogeny [Schlager et al., 1984], whereas the older ages are
similar - to many of Ehose recovered from the basement of Florida [Smith,
1982}, That Florida belonged to Gondwana prior to Alleghenian collision is
clear from its pre-Carboniferous Afro-South American fauna [Cramér, 1971
Pojeta et al., 1976]. Similarities between Yucatan and Florida would imply
the same for Yucatan. Lithologies and Upper Paleozoic isotopic ages of 270
to 325 Ma on rocks (phyllite, granite) from a well penetrating the Wiggins

Arch (Figure 1.2) [Cagle and- Khan, 1983; J. Cagle, personal communication,



19841 are similar to those recovered from the Yucatan block and may suggest
that the Wiggins Arch was part of Gondwana as well., All lie to the scuth of

the proposed Alleghenian suture,

Synthesis of the Alleghenian Reconstructions:

The above considerations provide geological and quantitative
geometrical constraints on reconstuctions of western Pangea. Although Middle
to Late Paleozoic convergence between Laurussia and Gondwana 1is poorly
understood, patterns of Alleghenian orogenesis and Late Paleozoic
sedimentation appear to be best explained by complete ocean closure during
continent-continent collision, within which the Yucatan block filled the gap
between Venezuela and the U.S. Gulf Coast margin (Figure 1.3). The probable
suture zone, from east to west, lies between the Appalachians and the
Mauritanides of western Africa; crosses Georgia between the Suwannee Basin
and the Southern Appalachians; continues north of the Wiggins Arch and
Sabine Uplift, following approximately the trend of the Gilbertown-South
Arkansas-Mexia graben system; is offset by the Texas Lineament along the
Devil's River Uplift (essentially a tear fault); swings to the south of the
Marathons but again is offset, possibly by a proto-Pedregosa Trough fault
system, and passes to the northwest of the Coahuila Platform and then south
between the Huastecan belt of Mexico and northwest South America. Whether
the Chortis block was part of Mexico during Late Paleozoic time or whether
it arrived later after migration along the Cordillera is unknown and, hence,
Chortis is excluded from the reconstruction,

Accretionary complexes that were developed during ocean closure include
the Ouachitas, the Marathons and the Huastecans. All of these accretionary

complexes overthrust Paleozoic shelf rocks of North America, suggesting that
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America sg the dowrngolng plate, The case for Alleghernian accrefionary
prisms in the southern Appalachians is questionable, but these may lie to
the east beneath the coastal plain.

Alleghenian thrust-loaded foreland basins which developed on North
America include the Appalachian, Black Warrior, Arkoma, Fort Worth, Ker, Val
Verde, Marfa, Pedregosa basins and the Mexican Paleozoic "Geosyncline".
Distal, foreland bulges include the Cincinnati Arch, Nashville Dome, Ozark
Dome, and Llano Uplift,

Possible remnants of the expected arc between Gondwana and North
America include the Upper Paleozoic granodiorites, andesites or volcanics
presently found in the Central Cordillera of Colombia [Irving, 1975], the
Chuacus Group of Guatemala, Yucatan No. 1 well of Yucatan, the Coahuila
Platform, the Sabine Uplift, and the basement of Florida. Zones of Late
Paleozoic strike-slip motion leading into the North American foreland which
may have allowed escape of continental fragments include the Rough Creek
Fault Zone, the Anadarko Basin/Wichita Upli{ft, the Delaware Basin [Qewe;g
1982] and, possibly, the Pedregosa Trough., Closure was achieved by east to
west oblique collision from the latest Devonian through the middle Permian,

with probable migrations of various blocks within the suture zone,
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PLATE KINEMATIC FRAMEWORK FOR CARIBBEAN EVOLUTION:

Introduction:

In cases vhere two continents are separated by an Atlantic-type ocean,
relative paleopositions of the continents can be determined by finite plate
rotations which realign continental margins and magnetic anomaly pairs of
equal age, along flow lines defined by fracture zone traces. The relative
motion history of the continental pair may then be determined by tracing the
trajectory of one continent, relative to the other, through the successive
relative paleopositions, throughout the spreading history of the intervening
ocean [Pitman and Talwani, 1972].

In the case of the relative motion history of North and South America,
however, a simple two-plate analysis like the above cénnot be employed.
This is because oceanic crust cf the Caribbean Plate is allochthonous with
respect to the Americas, such that it probably is not related to the initial
separation of North and South America. Therefore, paleopositions of South
America relative to North America are best determined by finite difference
solutions at various times for the three-plate system of South America,
Africa, and North America [Ladd, 1976]. The relative motion histories of
both the Central and South Atlantic Oceans can be documented, and, from
these, the paleopositions and the relative motion history of North and South
America can be computed. As with the two-plate system, the relative-motion
history of North and South America using the three-plate system may be
portrayed by trajectories, or flow-lines, through the relative

paleopositions through time.
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The relative paleopositions of North and Scuth Amcrica constrain
Gulf/Caribbean evolutionary models by defining the sizc and shape of the
Culf/Ceribbean intra -plate realm aitt intervals through @ime, The relative
moticn history vecior, however, defines the direction and rate of change in
the size and shape of the interplate realm. Thus, the relative motion
vector directly constrains the nature of the North America-South America
plate boundary through time. For example, periods of plate divergence, as
shown by the relative motion vector, would suggest seafloor spreading at a
particular rate at an intervening mid-ocean ridge system, whose transforms
parallel the separation direction. Likewise, a period of no relative motion
would suggest the absense of a North America-South America plate boundary
for that period. These deductions are not empirical, however, in that
motions upon combinations of plate boundaries may sum to equal the net
motion indicated by the relative motion vector. Such complications must be
inferred from the rock record.

Other plates whose motions, relative to North America, are important to
the evolution of the Gulf/Caribbean region are the oceanic plates of the
Pacific fealmo The direction and rate of convergence of these plates may
have controlled the style of subduction beneath, and possible microplate
migrations along, the Pacific subduction systems of the Americas and the
Caribbean Plate. These dinclude the Farallon for the Cretaceous and
Paleogene, and the Cocos for the Miocene to Recent. The Cocos is partly a
remnant of the Farallon, the two having been separated by subduction of a
portion of the Farallon/Pacific ridge and transform system in the middle
Tertiary [Atwater, 1970]. This, and the Early Miocene initiation of seafloor
bspreading at the Galapagos Ridge [Klitgord and Mammerickx, 1982; Mammerickx
and Klitgord, 1982], have resulted in differing motions of the Farallon and

Cocos Plates, relative to North America, since the Farly Miocene., Other



Pacific oceanic plstes may have interacted with the Americas during the Late
Triassic through earliest Cretacecus, but these cannot be identified with
existing knowledge of Pacific plate -motion history.

In this chapter, 15 paleopositions and the welative motion history are
defined for North America/Africa, and 10 paleopositions and the relative
motion history are defined for South America/Africa. From these, 15
paleopositions and the relative motion history for South America/North
America are computed., The difference in the number of paleopositions arises
frqm the fact the dinitial rifting in the Equatorial Atlantic between
northern Africa and northeast Brazil (Aptian) postdates that between Africa
and North America (early Middle Jurassic). Hence, for the Middle Jurassic to
Aptian interval, the spreading history of the Atlantic can be described as a
two~plate system, involving relative motion of North America and Gondwana.
In the southern South Atlantic Ocean, rifting began in the latest Jurassic
and propagated northwards throughout the Early Cretaceous [Rabinowitz and
LaBrecque, 1979], entering Benue Trough rather than the Equatorial Atlantic
[Pindell and Dewey, 1982; Klitgord et al., 1984]. These factors do not
affect the Gulf/Caribbean region, however, and are not treated here in any
detail.

The time intervals and magnetic anomalies for which paleopositions and
relative motions are defined are: early Middle Jurassic, Bathonian (Blake
Spur), Late Callovian, Tithonian (M-21), Early Berriasian (M-16), Early
Aptian (M-0), Late Albian, Early Campanian (34), Late Campanian (32), Late
Paleocene (25), Middle Eocene (21), Early Oligocene (13), Early Miocene (6),

Late Miocene (5), Present.

Farallon and Cocos with respect to North America:
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history since the Early Cretaceous, Unfortunately, estimates  of
pre-Campanian relative motion may be inaccurate, due to the absence of
magnetic polarity reversals during the Cretaceous Magnetic Quiet Period, and
to the possibility of the existence of unknown plates and plate-boundaries
in the Pacific prior to that time. Engebretson's poles are in part derived
from the assumption that a hot-spot reference frame exists within the
mantle, such that hot-spot traces in various ocean basins are fixed in space
and may be used to determine relative motions between pairs of plates, each
of which possesses hot-spot tracks. This may or may not be true, but close
agreement with Engebretson's analysis of Farallon/North America relative
motion comes from integration of relative motions between members of a
global circuit of blétes only, using én east and a west Antarctica [Jurdy,
1984]., Further, the predicted relative motion history is iteratively
supported by cause-and-effect relaéionships between plate motions and the
geological development of the North America Cordillera [Page and
Engebretson, 1984]. Despite the potential problems, and in lieu of a better
analysis, Engebretson's Farallon/North America poles are assumed to be
satisfactory for the entire interval Cretaceous to Oligocene, after which
time relative motion of the Cocos Plate becomes more important.

Determining relative motion between the Cocos and North American Plates
is highly conjectural, involving uncertain assumptions. First, an age must
be estimated for the time when the Cocos began behaving independently of the
Farallon, This.appears to have occurred at about 22 to 25 Ma, as marked by
the initiation of seafloor spreading at the Galapagos Ridge [Mammerickx and
Klitgord, 1982]. Therefore, 1in this analysis, the Pacific plate of
importance to vector triangle completion with North and South America for

the times of anomalies 6 and 5 (21 Ma and 9 Ma, respectively) is the Cocos
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Plate, rather than the Farallon.

The three-plate system of Cocos-Pacific-North America was used to
determine Cocos/North America relative motion for the Neogene., Engebretson's
Pacific/North America poles were used as a known, and this is perhaps one
source of error, as they are the result of finite difference solutions
themselves. The Cocos/Pacific poles for 2] Ma and 9 Ma are extrapolated
from the instantaneous pole and rotation rate of Klitgord and Mammerickx
[1982]. This extrapolation is another sourée of error, but, despite local
ridge jumps, the spreading rate and pole position for Cocos/Pacific relative
motion seems to have been quite constant throughout the Neogene [Mammerickx
and Klitgord, 1982; Klitgord and Mammerickx, 1982]. Using these sources,
rotation parameters describing Cocos/North America relative motion for the
Neogene were computed.,

In Table 2.1, Engebretson’s Farallon/North America pole data have been
interpolated or summed ﬁo define the total finite and stage pole parameters
at the specific time intervals wused in  this study. In this way,
Farallon/North America relative motion can be easily related to the
calculated relative motions of North and South America. For the Neogene,
Cocos/North America poles are listed in Table 2.1, as defined above. The
Cretaceous-Paleogene Farallon/North America and Neogene Cocos/North America
relative motions for the various time intervals are shown in Figure 2.1. The
relative motion vectors for the intervals are calculated for
latitude/longitude pairs at 10N, 90W and 5N, 80W, respectively, which lie in
the Pacific-Caribbean interface, Hence, the vectors are useful for
constructing velocity triangles involving the North American, the South
American, the Caribbean, and the Farallon and Cocos Plates for the various
time intervals used in this study.

Some implications of Figure 2.1 for Caribbean geological evolution are



TABLE 2.1.

RESPECT TO NORTH AMERICA

total finite parameters

ROTATION PARAMETERS, FARALLON/COCOS WITH

stage pole parameters

44

Anomaly Age (Ma) lat. long. angle lat, long. angle
M-16 141 -27.0 295.0 104.0
_ 14, 54,2 18.4
M-0 119 -35.0 303.0 95.1
' 60. 148.1 11.7
— 100 -31.0 305.0 85.2
12. 112.9 15.7
34 84 36,0 304.0 70.8
8. 106.8 14.5
32 72 -43.7 303.7 58.9
30. 100.2 19.2
25 59 -52.0 313.0 41.8
53. 137.1 11.7
21 49 -51.0 312.0 30.1 A : 7
61, 169.8 16.1
13 36 -31.0 298.0 16.5
47, 149.2 9.8
6 21 -5.6 279.3 9.2
‘ 24, -112.8 19.8
5 9. 23.0 -117.2 13.8
: 23, -117.2 13.8
0 0 -= - -
1. Positive numbers are degrees north or east, or counterclockwise

rotations looking down at pole.

Rotation angles for total finite rotations go back in time to the
indicated anomaly, and rotation angles for stage pole rotations

are coming forward in time, for the indicated interval.

Farallon parameters are after, or interpolated from, Engebretson

[1982].

For anomalies 6 and 5, poles describe Cocos/North America motion

rather than Farallon/North America (see text).
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Figure 2.1. Stage motion vectors of the Farallon/Cocos Plate, relative to
North America, determined for two points (10N, 90W) and (5N, 80W), from
stage pole data of Table 2.1. Farallon Plate became Cocos Plate in Late
Oligocene or earliest Miocene (see text). Inset: Graph of direction
and velocity of Farallon/Cocos Plate measured at Point A (10N, 90W).
Time intervals labeled with letters a through j correspond to the
vectors of the figure. Interpretation of vectors given in text.
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as follows. A strong component of sinistral shear alon

g the early
Cordilleran trench is indicated for the Farly Cretaceous (Berriasian to
Aptian). This shear may have been responsible for the southeastward
migration of blocks of Cordilleran Mexico into South America’s "overlap
position” seen in most reconstructions of western Pangea (e.g., Bullard et
al. [1965]). Beginning in the Aptian and continuing through the Campanian,
the motion of Farallon with respect to North America was northeast directed
at rates of 50 to 70 mm/yr. This period is associated with the early
plutonic and volcanic development of the Greater Antilles( arc; the
initiation of head-on convergence between the Farallon Plate and the
Proto-Caribbean may have been responsible for the formation of a subduction
zone between the two. Fast rates of convergence (110 to 150 mm/yr) are
indicated for the Late Campanian. to Late Eocene, which is directly related
to Laramide Orogenesis in and around the Caribbean and to the insertion of
the Caribbeaﬁ Plate into the gap between North and South America. Finally,
Oligocene-Recent northeastward convergence has occurred at rates of 70 to 80
mm/yr. The sharply reduced convergence rate may be associated with an
Oligocene westward shift in the axis of volcanism (theoretical steepening of
Benioff Zone) from the Cordillera Central to the Western Cordillera of
Colombia and Ecuador (see chapter 6).

A final note worth mentioning regards the extrusion of medial
Cretaceous basalts (seismic horizon B") onto the Caribbean Plate. It has
been suggested that one cause of the intra-plate volcanism and anomalously
high topography of the African continent relative to other continents is
that it rests nearly in a mantle reference frame, and that heat has built up
beneath the continent as a result [Burke and Dewey, 1973]. If Africa is
approximately in the mantle reference frame, the Americas have been

migrating westward over the mantle during the Atlantic's opening.



Subduction of the Farallon Plate beneath the Americas at rates that are
similar to the spreading in the Atlantic would imply that it, like Africa,
may have had, at times, little motion relative to the mantle. This may be
true for the medial Cretaceous; for the period 120 Ma to 100 Ma, Engebretson
[1982] shows that the Farallon Plate’s relative motion with the hypothetical
hot spot reference frame is slower than 10 mm/yr. The extrusion of the B"
horizon basalts onto the crust of the Caribbean occurred from the
Cenomanian? to the Campanian, shortly following this interval of little
relative motion. A possible explanation for the basaltic extrusion is that
excess heat was accumulated beneath the Caribbean Plate during the
Aptian-Albian, which caused partial melting and off-axis, intra-plate

volcanism over the subsequent 20 million years.

South America with respect to Africa:

In chapter 1, a continental reconstruction between northern Brazil and
the Guinea margin of Africa is advanced that is tighter than the fit
proposed by Bullard et al, [1965]. Rotation parameters for this fit‘are
given in Table 2.2, The beginning of the rift-related stage of basin
formation and initiation of Brazil/Guinea relative motion across the
Equatorial Atlantic is Aptian [Asmus and Ponte, 1973; Rabinowitz and
LaBrecque, 1979], although formation of these basins was significantly
preceded by the emplacement of dikes along the western Guinea margin., The
first marine sediment in any of the Equatorial Atlantic's marginal basins is
Albian [Asmus and Ponte, 1973]. It is assumed, for 1lack of conflicting
evidence, that northern Africa and northern South America remained a single
continent until the Aptian., Therefore, it 1is also assumed that the early

evolution of the southern South Atlantic, which began in the earliest



TABLE 2.2,

ROTATION PARAMETERS, SOUTH AMERICA WITH RESPECT TO AFRICA

total finite parameters stage pole parameters
Anomaly Age (Ma) lat. long. angle lat. long. angle
M-0 119 52.08 -34.03 51.39 P
35.0 -22.4 -9.7
—— 100 56.5 -34.7 42,3 %
35.0 =224 -9.7
34 84 63.0 -36.0 33.6 §
63.0 -36.0 -6.3
32 72 63.0 -36.0 27.3 $
63.0 -36.0 -4,7
25 59 63.0 ~36.0 22.6 § :
63.0 -36.0 -3.4
21 49 63.0 -36.0 19.2  §$
73.4 -46.4 -6.1
13 36 58.0 -35.0 13.3 $
53.6 -34.1 -5.8
6 21 61.4 -35.0 7.5 § .
53.7 -34.2 -4.,0
5 9 70.0 -35.0 3.6 $
70.0 -35.0 -3.6
0 0 - - -
1. Positive numbers are degrees north or east, or counterclockwise
rotations looking down at pole.
2. Rotation angles for total finite rotations go back in time to the
indicated anomaly, and rotation angles for stage pole rotations
are coming forward in time, for the indicated interval.
3. P is derived in chapter 1. .
4., $ are modified after Ladd [1976], as discussed in text.
5. * is interpolated between paramters for M-0 and 34,



Cretaceous [Norton and Sclater, 1979], bears no relationship to the
evolution of the Gulf and Cardibbean region.

Figure 2.7 outlines a possible model for the Early Cretaceous opening
of the southern South Atlantic. Southern Africa drifted from southern South
America from anomaly M10 time to about anomaly M~0O time (Aptian). Prior to
the Cretaceous, the shape of Africa was not that of today. Northward rift
propagation which terminated within central Africa via the Benue Trough
opened the southern South Atlantic and gave Africa the shape that it has
today. Toward the end of this early phase of opening, the Rio Grande-Walvis
Ridge hot-spot trace was breached by southern sea waters, depositing the
Aptian salts in tﬁe narrow trough to the north. In the Aptian, rifting
jumped from central Africa to the future site of the Equatorial Atlantic,
and the shape of Africa has remained to the present essentially as it was at
the end of the Aptian. Therefore, marine magnetic anomaly identifications in
the southern South Atlantic since the Aptiah can be used to determine Soﬁth
America/Africa paleopositions and relative motion history, for use in
determining South America/North America relative motions.

Ladd [1974] analyzed the marine magnetic anomalies in the South
Atlantic Ocean. At the time of Ladd's study, it was convention to pick the
anomalies at the peak of the signal. More recently, accuracy in the method
has become such that significant differences arise from picking different
parts of the signals of some anomalies, and it is present convention to pick
the inner (younger) sides of the signals. South Atlantic magnetic data were
re-examined by the author, and it was found that Ladd's poles of rotation
were quite accurate. However, the rotation angles were altered slightly to
account for the differences between picking the anomalies at their peaks and
at their inner sides, and to be consistentAwith the method used for picking

the anomalies in the Central Atlantic. . The poles of rotation of Ladd [1974;
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1976] and the ammended rotation angles are shown in Table 2.2, Figures of

the ammended picks are not included herein,

Africa with respect to North America:

At the time of this study, Keathley Sequence rotation parameters (Late
Jurassic through Aptian) recently determined by K. Klitgord and H. Schouten
were available to the author (personal communication). However, parameters
for the time following the Cretaceous Quiet Period (Campanian through
Present) had not been computed since the work of Pitman and Talwani [1972].
Bathymetric data collected through the seventies (GEBCO map of the Central
North Atlantic Ocean) showed very accurately the trace of fracture =zones
across the Central Atlantic. A substantial "hitch" in the flow 1lines
beginning at anomaly 34 (Campanian) and continuing to anomaly 21 (Eocene)
was clearly indicated. As this hitch was unknown at the time of Pitman and
Talwani's study, it was evident to the author that significant improvement
could be made upon rotation parameters defining the Central Atlantic's
spreading history.

The least structurally disturbed portion of the Central Atlantic Ocean -~
between Africa and North America lies between the Atlantis and Carolina
fracture zones, which includes the Kane fracture zone. The mid-ocean ridge
system in this area is remarkably straight, with few offsets, for a distance
of about 1500 km, making anomaly identification relatively easy as compared
to areas where the ridge system is transected by closely-spaced transforms.
Anomalies 34, 32, 25, 21, and 13 were picked over a 1500 km wide swath
across the Central Atlantic (Figure 2.3). The GEBCO bathymetric maps
provided the traces of the Atlantis and Kane fracture zones, which were used

to control the trajectories of the plate motion paths., Updated rotation



Figure 2.3. Map of a portion of the Central North Atlantic, showing the picks used tc compute the poles of
rotation for anomalies 34, 32, 25, 21, and 13 of Table 2.3, The Atlantis and Kane fracture zones were ased
as flow lines along which Africa and North America were separated.



Figure 2.4. Map of western Central-North Atlantic showing the magnetic

anomaly picks of Figure 2.3. Small solid circles are original picks on
the western half of the ocean, crosses are the eastern picks rotated
about the total poles of rotation determined for each anomaly pair
(Table 2.3). Segments of the eastern Atlantic's fracture zones are also
rotated and shown (heavy dashed lines). Congruence of fracture zones
is imperfect because the fracture zones record flow lines " about
instantaneous stage poles during seafloor spreading, not the total
finite poles. However, the points along the eastern Atlantic's
fracture zone traces that were adjacent to points along the western
Atlantic's fracture gzone traces during the formation of the
corresponding magnetic anomaly are shown in large solid dots and large
open circles, respectively. The accuracy of the poles of rotation is
shown by the congruency of the juxtapositions of the anomaly picks and
fracture zone offsets, for each anomaly pair. For clarity, anomaly
labels (such as 34, 25, etc.) that are horizontal correspond to
rotated eastern Atlantic picks.
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parameters for anomalies 6 and 5 were provided by K.’ Klitgord and H.
Schouten (personal communication) during the course of the study.

The fracture zone traces and the picks for anomalies 34; 32, 25, 21,
and 13 from the eastern Central Atlantic were rotated to those for the
western Central Atlantic, and best fitting poles and rotation angles were
determined. The rotated eastern picks and fracture zone traces and the
non—rotated western picks and fracture zone traces are plotted in Figure
2.4, This figure shows the degree of coincidence of the two sets for each
anomaly examined. Assuming the area studied (central portion of the Central
Atlantic) is indicative of éhe entire North America--Africa plate boundary,
the magnitude of possible error of the indicated relative paleopositions is
less than 40 km. The close spacing of fracture zones makes other portions
of the Central Atlantic iess attractive than the central portion for
magnetic anomaly identification.

Table 2.3 lists the rotation parameters, including those provided by K.
Klitgord and H. Schouten, defining the spreading history of the Central

Atlantic Ocean.

South America with respect to North America:

By finite difference solution [Dewey et al., 1973], rotation parameters
defining the paleopositions of South America relative to North America were
computed from the data in Tables 2.2 and 2.3. The results are given in Table
2.4. From this data, the relative motion history vector of South America
with respect to North America may be plotted.

Figure 2.5 shows relative motion vectors of South America with respect
to North America for three data sets, including the above., The vector of

Pindell and Dewey [1982] is not shown because it is an amalgamation of data



TABLE 2.3.

total finite
Anomaly Age (Ma) lat loné
Permian 250 65.55 -13.69
M, Jur. 180 66.95 -12.02
BSMA 170 67.02 -13.17
Callovian 160 67.13  -15.49
M-21 “150 66.50 -18.10
M-16 "140 66.10 -18.40
M-0 119 66.30 -19.90
— 100 70.16  -19.73
34 84 77.10  -19.20
32 72 80.35 -12.45
25 59 80.50 7.70
21 49 78.30  16.00
13 36 76.00 8.00
6 21 79.57  37.84
5 9 79.08  77.95
0 0 - -

ROTATION PARAMETERS, AFRICA WITH RESPECT TO NORTH AMERICA

angle
2.5
3.5
6.3
4,2
2.2
5.6
12.95
12.95
6.47
5.38
3.92
4.39
4,50

2.92

parameters stage pole parameters
. angle lat, long.
-77.15 P
, 26.7 ~-63.4
-75,55 K
60.0 0.0
-72.10 K
60,0 0.0
-65.93 *
61.1 22,0
-61.92 K
72.0 9.4
=59.79 K
61.3 -10.2
-54,25 K
55.02 -29.90
-41.68 *
55.02 -29.90
-29.42 K,P
65.64 -36.12
-23,15 P
75.19  -61.50
-17.90 P
85.10 -68.63
-14,05 P
81.12 49.01
-9.70 P
69.68 -11.18
-5.29 K
76.82 11.26
-2.41 K
79.08 77.95

2.41

1. Positive numbers are degrees north or east, or counterclockwise
rotations looking down at pole.

indicated anomaly, and rotation angles for stage pole rotations
are coming forward in time, for the indicated interval.

Rotation angles for total finite rotations go back in time to the

K are after Klitgord and Schouten [1982; or personal communication].
P are parameters determined in this study.
* are interpolated between adjacent rotations.



TABLE 2.4.

total finite parameters

ROTATION PARAMETERS, SOUTH AMERICA WITH

RESPECT TO NORTH AMERICA

stage pole parameters

Anomaly Age (Ma) lat long angle lat. long. angle
Permian 250 54,92 40.81  -31.22
_ 26.7 ~63.4 2.5
M. Jur. 180 53.78  48.44  -30.71
_ 60.0 0.0 3.5
BSMA 170 52.68 '53.59 -27.63
_ . 60,0 0.0 6.3
Callovian 160 49.12 64.97 -22.41
_ 61.1 22,0 4.2
M-21 150 45.84 72,09 -18.74
_ 72.0 9.4 2,2
M-16 140 42.06 75.65 -17.10
61.3 -10.2 5.6
M-0 119 28.61 90.18 -14.36
57.68 51,32 5.29
—— 100 13.99 101.84 -10.82
57.68 51,32 5.29
34 84 10.30 -61.79 9.16 :
12.49 42.49 0.76
32 72 11.13 -57.05 9.04
54,52 151.17 1.15
25 59 18,10 -58.67 8.71
36.16 137.81 1.38
21 49 26.16 -60.51 8.03
_ 40,94 -75.57 -2.34
13 36 19.68 -56,20 5.87
14,57 -60.98 -2,20
6 21 22,50 -53.07 3.70
11.42 -52.84 -1.99
5 9 34,83 -52.89 1.79
34.83 -52.89 -1.79
0 0 - - -

1. Positive numbers are degrees north or east, or counterclockwise
rotations looking down at pole.

2, Rotation angles for total finite rotations go back in time to the

indicated anomaly, and rotation angles for stage pole rotations

are coming forward in time, for the indicated interval.

3. All parameters deduced by finite difference method using data in

Tables 2.2 and 2.3.



2/

{,.’;7_;7 ‘u:,f, ', - I LT ]‘7 T T l = ~ ; - gy T, [Epp— B T - T - - 9
- 100\\‘_ -0 : -0 Anomaiy| Ma ’

y

|

1 A
P North amcrea sl -
M-16 | 141
Sclater et al, 1977 M-11 1136
M-4 | 127
Ladd 1978 M0 1119

Pindell 1985

Figure 2.5. Three  proposed post-Triassic relative motion paths, or
trajectories, of two points on northern South America with respect to a
fixed present North American reference frame, Mercator Projection.
Positions identified by upright numerals were computed from triangle
completion of Central and South Atlantic rotation parameters that were
defined by magnetic anomaly identification. Inclined numerals indicate
age in millions of years, and were interpolated between positions
picked by anomaly identification, Differences in motion histories
reflect improvements in magnetic anomaly data sets, and different’
initial reconstructions of South America with respect to Africa and
North America., Trajectory of Pindell (this study) is derived from data
of Table 2.4.



of the vectors shown. The three vectors of Figure 2.5 trace the positions
through time of two points presently lying on the South American coastline.
The differences in the vectors arise from differing initial reconstructions
between North America, South America, and Africa, and from varied accuracies
of magnetic anomaly identification and subsequent determination of total
finite rotation parameters for the Central and South Atlantic Oceans. The
vector of Pindell (this study) starts with the reconstuction defined in
chapter 1, and is derived from the relative motion data of Table 2.4. This
vector includes only one interpolated data point, at 100 Ma (Cretaceous
Quiet Period).

The vector of Pindell (this study) is interpreted as follows. During
the Late Triassic, a small amount of approximately north-south divergence is
predicted due to the lithospheric extension associated with depésition of
the -Eagle Mills red beds, and to dike orientations along the eastern United
States that suggest a dextral éheéf component accompanying the réxtension
associated with the Newark graben series. This relative motion precedes the
opening of the Central Atlantic,

By the early Middle Jurassic, southeastward divergence between North
America and Gondwana began and is responsible for the opening of the Central
Atlantic., A single ridge system could have accounted for this separation
between North and South America., However, Jurassic seafloor crust in the
Gulf of Mexico, whose anomaly trends differ from Central Atlantic trends [S.
Hall, personal communication, 1984; Shepherd et al., 1982], suggests that
two ridge systems operated during the Jurassic, one in the Gulf and one in

the "Proto-Caribbean,"

the individual motions upon which summed to the total
indicated relative motion., When the Gulf ridge system terminated
(Berriasian), and Yucatan became a part of North America, Early Cretaceous

to Campanian divergence could have been accomplished at a single ridge in



the Proto-Caribbean. This is  especially likely if the Caribbean Plate was
allochthonous with respect to the margins of the Proto-Caribbean prior to
the Campanian. A slight kink in the vector from anomaly M-21 to M-11 may
have caused compression at any long left-lateral transforms in the
developing ridge system, and extension at any long right-lateral
transforms, Because of the geometry of the early Central Atlantic and
Proto-Caribbean oceans, the eastern Bahamas probably was the site of long
left-~lateral transforms, the compression at which may have uplifted basement
there to the photic zone, leading to initial carbonate deposition.

Divergence continued through the Early Campanian (anomaly 34). The
Aptian opening of the Equatorial Atlantic Ocean, which created a three-plate
system for the first time, apparently had 1little or no effect on the
direction of relative motion between North and South America, although the
rate could have changed. This cannot be determined because of the
Cretaceous Quiet Period. Further, it is not clear whether relative motion
ceased exactly at, or somewhat before, anomaly 34 time.

From anomaly 34, or just before, to anomaly 21 (Middle Eocene),
relative motion seems to have qearly ceased. The minor oscillations in the
vector from anomaly 34 to anomaly 21 are all within the magnitude of the
error in the analysis., Thus, any prediction of significant relative motion
at plate boundaries for this interval is unwarranted, However, minor motion
(200 km) of South America, relative to North America, toward approximately
080 may be suggested for the Paleocene-Middle Eocene interval (20 million
years). This divergence rate (10 mm/yr, total rate) is slower than
spreading rates at known ridges, and the total offset is also small (200
km), It is suggested that this potential phase of relative motion was
achieved by sinistral slip at the transforms and fracture =zones of the

Central Atlantic .ridge system which at this time extended into the
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Equatorial Atlantic, and not at a mid-ocean ridge system between North and
South America. It is also possible, however, that spreading at a ridge and
subduction at a trench, both located between North and South America,
occurred synchronouslyghand at approximately the same rate, to produce the
indicated relative motion.,

Finally, from anomaly 21 (Middle Eoceﬁe) to the present, slow but
continued convergence along west-northwest trending flow lines 1is
suggested, This general trend nearly parallels, but is opposite to, the
pre-Campanian divergent flow lines, In addition, the Barracuda, Tiburon,
and other basement ridges east of the Lesser Antilles also roughly parallel
the west-northwest trend. These ridges are probably ancient fracture zones
asso;iated with the the pre-Campanian seafloor spreading in the Central
Atlantic, which have become reactivated in a dextrally convergent sense
since the Eocene, in association of this last phase of North and South
Amefiﬁéh relative motion. A comparison between the two flow lines for the
Pindell data in Figure'2°5 indicates that in addition to minor convergence
with North America since the Eocene, western South America is migrating
faster toward North America than is northern South America. This suggests
that the post-Eocene stage-poles describing the motion of South America with
respect to North America are located relatively near, but to the north of,
South America, perhaps within a few hundred km to the northeast of Puerto
Rico. Stage-pole positions for the intervals between anomalies 21, 13, 6, 5
and the Present are all located in this general area (see Table 2.4), but
each may contain considerable error owing to the fact that they are located
so close to the plate whose rotation they define (South America).

The primary difference between the Pindell vector and the vectors of
Ladd [1976] and Sclater et al. [1977] is that the latter vectors predict a

significant Cretaceous phase of North America/South America compression.
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The difference stems directly from the cheice of the Equaterial Atlantic fit
used in the analysis: that of Bullard et al, [1965], or the fit presented
herein., This fit is also respongible for the relatively northerly placement
of the Jurassic to Campanian portions of the vectors. Such 1is the
importance of the Equatorial Atlantic fit. Cretaceous compression is well
known from northern Venezuela, but the rocks exhibiting these compressional
structures are allochthonous with respect to the Venezuelan margin, and
probably were not obducted onto the margin until the Cenozoic. All of the
compressional structures may have originated in a pre-obduction "subduction

phase,”

involving the Caribbean plate, rather than the North American
plate. No definite North American/South American convergence can be
documented for the Cretaceous; in fact, gravity and magnetic studies of the
ocean floor to the east of the southern Lesser Antilles arc indicate that
the North America/South America plate boundary has always been that of
strike-slip (G. Wéé£5;o§k, personal communication, 1984).

In summary, South America’s motion relative relative to North America
has been very simple: first it migrated out (Jurassic to Campanian), then
essentially stopped (Campanian to Focene), then returned a very small amount
(post-Eocene).

Despite the  improvements in the understanding of the North
America/South America relative motion vector, some nagging problems remain
to be solved. First, the existence of the Jurassic and Cretaceous Quiet
Periods (? to 160 Ma and 119 to 84 Ma, respectively) precludes magnetic
anomaly identification in crust of those ages. Spreading rates cannot
directly be measured for these these periods with much accuracy. Second,
the timing of initial motion across the Equatorial Atlantic shear zones is

poorly known because of the area's general pre-Albian emergence and the fact

that linear magnetic anomalies with northerly strikes do not develop well in



equatorial regions, Third, the non-rigid behavior of Africa during the
Early Cretaceous [Burke and Dewey, 1974] 1is poorly quantified, and the
amount of Santonian shortening in Benue Trough, and its effect on the South

Atlantic, is unknown,

The Yucatan Block with respect to North America:

In chapter 3 (Geology and Evolution of the Gulf of Mexico), a model is
proposed in which the motions of the Yucatan Block are constrained by the
presence and motions of North and South America., For consistency, the
rotation parameters describing the motion of the Yucatan Block relative to
North America are included in this chapter (Table 2.5), rather than in

chapter 3.



TABLE 2.5. ROTATION PARAMETERS, YUCATAN BLOCK WITH
RESPECT TO NORTH AMERICA

Anomaly/age Latitude Longitude Angle
Triassic 29.74N 80.36W ~-43.41
Mid-Jurassic 29.50N 81.40W -41.00
Blake Spur time 29.,50N 81.40W -34,00
Late Callovian 29.50N 81.40W -20.00
Anomaly 21 time 29.50N 81.40W -9.00
Anomaly 16 time - —am— -
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1. All parameters defined by modelling in chapter 3.
2,
inherent error.

Paramters are measured in Mercator projection and contain



CHAPTER 3

GEOLOGY AND EVOLUTION OF THE GULF OF MEXICO REGION
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GEOLOGY AND EVOLUTION OF THE GULF OF MEXICO REGION:

Introduction:

In this chapter, geological features of the Gulf of Mexico region are
reviewed and interpreted. The dimportant features are shown on the
generalized tectonic map of the Gulf of Mexico region (Figure 3.1). The
analysis assumes the initial Alleghenian reconstruction derived in chapter
1, and is built within the plate=kinematic.framework developed in chapter 2.
Rotation parameters describing the motion of the Yucatan Block relative to

9

North America are also given in chapter 2 (Table 2.5).

Interpretive Review of Primary Gulf-Region Geological Features:

Basement

Three types of crust exist in the Gulf region: normal-thickness
continental crust, variably-attenuated continental crust, and oceani§
crust., Prior to seafloor spreading in the Gulf, relative plate motions were
accommodated by continental attenuation (as much as 500 km between the
southern U.S. and Yucatan, see above), This attenuation  must be
incorporated when modeling Gulf evolution., Attenuated basement around the
northern Gulf includes a collection of highs (Sabine, Monroe, Wiggins)
separated by intervening basins (Gulf Coast Salt Basins). The Sabine and

Wiggins basement highs consist of Paleozoic metamorphics, volcanics and
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Figure 3.1. General tectonic and locality map of the Gulf region, features
described in text. MSM, Mojave-Sonora Megashear; TMVBL, Trans-Mexican
Volcanic Belt Lineament; SU, Sabine Uplift; MU, Monroe Uplift; JD,
Jackson Dome; WA, Wiggins Arch; MGA, Florida Middle Grounds Arch; SG,
Sierra Guaniguanico, presently of western Cuba but was northeastern
corner of Yucatan block prior to Paleogene; BSMA, Blake Spur Magnetic
Anomaly; M-25, M-21, M-16, M-11 are Central North Atlantic magnetic
anomalies., This is same as Figure 1.2.
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granite [Nicholas and Waddell, 1982; Cagle and Khan, 1983], which may be
interpreted as remnants of the leading edge of Gondwana which were sutured
to and overthrusted onto the margin of North America during the Alleghenian
Orogeny and subsequently left behind during Late Triassic to Early Jurassic
rifting [Pindell and Dewey, 1982; Smith et al., 1981]. The same applies for
Florida, on the basis of Early Paleozoic fauna in Suwannee Basin [Cramer,
1971], and for the Coahuila Platform of northeastern Mexico, which possesses
Late Paleozoic granodioritic intrusions [King, 1975] possibly representative
of an arc., Basement in the attenuated margin of northwestern Yucatan block
is unknown,

Extensive salt deposits éverlie the 2zones of attenuated continental
crust, and seaward limits of the Louann and Campeche salt provinces match
reasonably the ocean-continent boundaries [Buffler et al., 1981], although
oceanward halokinesis has occurred, particularly in the Sigsbee Escarpment
[Lehner, 1969]. It seems 1likely that the onset of emplacement éf oceanic
crust by seafloor spreading in the Gulf at oceanic isostatic depths (2.6 km
depth) allowed sufficiently open marine circulation to terminate salt
deposition, and split the once continuous salt province into the distinct
provinces known today. Unfortunately, the halokinesis on both sides of the
Gulf prevents direct matching of opposing margins for paleogeographic
reconstructions,

The oceanic portion of the Gulf of Mexico was created by primarily Late
Jurassic seafloor spreading at a ridge system that must be included in
plate-boundary reconstructions. Linear magnetic anomaly trends in the
central Gulf fan slightly to the west and generally parallel the U.S. Gulf
Coast margin and the Campeche Escarpment of Yucatan [Shepherd et al., 1982;
S. Hall, personal communication, 1984]. This leads independently to the

conclusion that Yucatan originated from the Texas-Louisiana margin and



rotated counterclockwise to ifis present position, and further substantiates
the geological arguments presented earlier for this initial position in
Alleghenian paleogeography.

When the Equatorial Atlantic is closed (see above) and South
America-Africa is then refitted to North America following Central North
Atlantic flow lines [Klitgord and Schouten, 1982], overlap occurs between
the Florida Straits block and the Guinea and Demerara Plateaus of Africa and
South America, respectively. Also, the closure of Yucatan against the
Texas-Louisiana margin leaves an oceanic hole in the northeastern Gulf with
a southeasterly magnetic anomaly trend that is discordant with the trend in
the central Gulf [Shepherd et al., 1982]. It appears that crust of the
Florida Straits block migrated to the east-southeast, in addition to
undergoing internal extension, during Gulf evolution. This motion relative
to the remainder of Florida was left-lateral strike-slip, as discussed
below, while motion relative to Yucatan was extenéional, as defined by the

eastern Gulf's magnetic anomalies.

Fault Systems of the Gulf Region

U.S, Gulf Coast. In the U.S. Gulf Coast margin, the Mexia-Talco-South

Arkansas-Pickens-Gilbertown fault system defines the northern 1limit of
significant normal faulting in basement. This system coincides closely with
the probable Alleghenian suture. Assuming Yucatan originated from the
Texas-Louisiana margin and rotated to its present position, the direction of
extension in the U.S. Gulf Coast was north-south. Therefore, the
Mexia-Talco fault zone owes its origin to differential subsidence and minor
dextral shear between the basement of the stable Llano area and the basement

of the Gulf Coast during attenuation. Similarly, motion in the Mobile Bay
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system may have heen slightly sinistral,

Mexico. In most reconstructions of western Pangea, much of Mexico
overlaps South America, if Mexico is kept in 1its present position with
respect to North America. Understanding the emplacement of Mexico into this
"overlap position” has been problematic because known evidence for
large-scale motions upon one or more intracontinental transform faults
across Mexico and the southwesternmost U.S. is meager. Evidence in favor of
such large offset faults includes the interruption of northeasterly striking
Precambrian tectonic belts, and a 700 to 800 km sinistral displacement of
stratigraphic columns having 'provocative similarities" [Anderson and
Schmidt, 1983]. The theoretical structure responsible for these
discontinuities has been termed the Mojave-Sonora Megashear (MSM) [Silver
and Anderson, 1974]. The timing of motion along the postulated MSM is
constrained between the first major motions of the breakup of Pangea (Late
Triassic, firét stretching, but early Mid-Jurassic is first significant
motion) and deposition of the Oxfordian Zuloaga Group (Smackover
equivalent), as the latter apparently masks the fault =zone in northeast
Mexico and is not offset., A 700 to 800 km offset during Bajocian-Callovian
time (about 20-25 million years) indicates displacement rates between 2.8 to
4 cm/yr. 1t appears as though, in effect, blocks or slices of Cordilleran
Mexico migrated more or less with South America during initial breakup,
maintaining a land bridge from North to South America at least until
Callovian time, when saline waters finally entered the Gulf of Mexico region
and evaporated to form the once continuous Louann and Campeche salt
deposits. From which ocean the saline waters entered, the Pacific or the
Atlantic, is unknown. Another potential, but unproved, zone of major
Mesozoic offset across Mexico is along the Trans-Mexican Volcanic belt.

This area, during Late Cenozoic time, has been the site of significant



calc-alkaline volcanism, possibly because it is a zone of weakened crust
[Mooser, 1969; Anderson and Schmidt, 1983].

The number of major faults through Mexico and their offsets are poorly
understood; proposed offsets are based largely on geometry alone. It 1is
very possible that all of Mexico, since it resided on the western,
convergent margin of Pangea during breakup, experienced severe internal
shearing of the sort seen along the western North American margin today., If
studies of North America/Farallon relative motion for Late Jurassic-Early
Cretaceous time are accepted, Farallon subduction beneath southwestern North
America possessed a strong left-lateral oblique component [Engebretson,
1982, but see Duncan and Hargraves, 1984]. This is in agreement with the
postulation of a simple shear regime for Mexico during the Late Jurassic
[Beck, 1983], and possibly Middle Jurassic as well.

Along the eastern Mexican margin, continental basement falls off
abruptly along a iinear trend defined by the eastern side of the Tamaulipas
Arch, the Golden Lane high, and offshore at Veracruz. If extended to the
south, this trend crosses into Chiapas, approximately along the northern
flank of the Chiapas Massif. Sediment thickness adjacent to this flank
exceeds 4500 metres [Viniegra, 1971], suggesting the existence of a major
structural break. The linear trend as a whole is perpendicular to magnetic
anomaly trends in the Gulf of Mexico [Shepherd et al., 1982; S. Hallﬁ
personal communication, 1984], and defines a small circle about a pole
located in the vicinity of northern Florida. It is suggested that this
trend, termed here the Tamaulipas-Golden Lane-Chiapas fault =zone, was a
right-lateral transform zone between Yucatan and eastern Mexico, that
allowed migration of Yucatan away from the Texas-Louisiana margin., This is
further supported by the conspicuous absence of salt diapirs marginal to the

central portion of this trend, in the area of the Mexican Ridges [Bufflef et



al., 1979], in contrast to areas of the Gulf where attenuated continental
basement exists with thick salt deposits and diapirs [Buffler et al., 1980,
1981]. A transform origin for the eastern Mexican margin which postdated
salt deposition explains the absence of salt. In addition, the Tamaulipas
Arch, during Late Jurassic time, was a linear basement high of Paleozoic
rocks that supplied significant amounts of debris to proximal deposits of
the Huizachal and Zuloaga Groups during initial rifting and platform
subsidence [Sandstrom, 1982; Stabler, 1982; Meyer and Ward, 1982; Bracken,
1982]. The 1linearity and positive structural relief of the Arch during the
Jurassic suggest striké=slip faulting as.a possible cause of its uplift., In
Chiapas, coarse, Upper Jurassic-Lower Cretaceous Todos Santos red beds fill
northwest trending structural valleys and ridges whose relief reached 1000
to 2000 m at the time of deposition [Burkart and Clemons, 1971]. This
scenario accords with models of strike-slip faulting equally as well as it
does with rifting, and the northwest trend of the basins is perpendicular to
the expected extension direction between North and South America. Finally,
definition of a Mexico-Yucatan shear zone along the northeast side of the
Chiapas Massif avoids the often invoked hypothesis that @ajor displacement
has occurred across the Isthmus of Tehuantepec; crystalline rocks cross the
isthmus from southern Mexico into the Chiapas Massif with no obvious

‘structural break [King, 1969; Case and Holcombe, 1980].

Florida region. Basement structure-in Florida and the southeasternmost
U.S. can only be inferred from gravimetric, magnetic and borehole
information, but basement appears to be irregular and to consist of a
collection of horstlike Paleozoic highs separated by grabens filled with red
beds [Smith, 1983; Barnett, 1975; Klitgord et al., 1984]. Primary structural
features include the Jay Fault, the Georgia Embayment "graben” system, and

the Florida Elbow basin which separates the Middle Grounds and Tampa Arches



The northwest trending Jay fault [Smith, 1983] aligns with the
Pickens-Gilbertown fault system and the Bahamas fracture zone of Klitgord et
al. [1984], and defines a steep, down to the south drop-off in basement.
Sinistral motion along this fault is speculative, but it clearly defines the
northern limit of significant  basement attenuation, as do the
Pickens-Gilbertown fault system in the Gulf Coast and the Bahamas fracture
zone across the Florida Peninsula. This attenuation probably occurred in the
Middle Jurassic, as it did throughout the entire Gulf of Mexico. North of
the Jay, relatively minor basement structures such as the Covington
Embayment and Conecuh and Pensacola Arches formed due to general extension
between North America and Gondwana.

-Development of the northeast trending, Triassic Georgia Embayment
sysﬁem is older than the other fault =zones, and is often referred to as an
extensional rift on the basié of its Triassic red beds and basalts filling
narrow troughs [Barnett, 1975]. If the system's formation were due to
crustal extension, then a well-developed Jurassic sedimentary section
related to basin subsidence could be expected. However, such a section is
absent across southern Georgia and north-central Florida [Barnett, 1975;
Smith, 1983] and, therefore, it is suggested that the Georgia Embayment
system probably was formed by strike-slip shear, which caused local uplift
and erosion, and deposition of Upper Triassic red beds into associated
strike-slip basins. On the basis of geometry alone, the suggested sense of
offset is right-lateral (discussed later).

Basement structure beneath southern Florida and the south Florida shelf
is poorly known due to the thick post-Triassic sedimentary section. As
mentioned earlier, the eastern pért of Florida Straits block overlaps Africa

when the continents are reassembled. This is true even after 80% internal
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extensicn is restored to the northwest (see above). In addition, the

small oceanic swath remains in the northeastern _deep Gulf. Therefore, it is
apparent that crust of the Florida Straits block migrated out of the eastern
Gulf, in addition to undergoing severe internal extension., Hypothesized
here is the existence of a fault (Florida Elbow Fault, Figure 3.1) along
which the Florida Straits block, subsequent to crustal attenuation south of
the Jay Fault, migrated 300 km east-southeast out of the eastern Gulf to its
present position beneath the south Florida shelf and western half of the
Bahamas. The Florida Elbow Fault runs from the southern escarpment of the
Paleozoic Florida Middle Grounds Arch,; continues through the Florida Elbow
basin and crosses Florida near. Lake Okeechobee9 underlies the northwest
Providence Channel, and defines the northern margin of-Great Bahama Baﬁk°
Such a trend is readily seen on a magnetic anomaly contour map [figure 5 of
7Klitgord et al., 1984]. It is further suggested ;hat sinistral motion along
the fault system produced the Florida Middle Grounds escarpment by

translating the Tampa Arch away from the Middle Grounds Arch,

Tectonism Following Gulf Formation

Since the Gulf of Mexico's fo?mation, which was completed by or during
the earliest Cretaceous, the Gulf region has experienced at least two
periods of plate-tectonic deformation. The first was the eastward advance
of thrust sheets of the Sierra Madre Oriental of Mexico (Figure 3.1) in Late
Cretaceous to Eocene time [Dengo, 1975]. The cause of thrusting is still
debated, but thg load of the thrusts, which travelled across Jurassic salt,
depressed the western portion of the eastern Mexican margin, reactivating

the Tampico-~Tuxpan and Veracruz sedimentary basins by flexural loading. The
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Laramide orogenesis alsc elevated and reactivated the Tamaulipas Colden Lanc
highs, probably due to lithospheric flexure in response to loading by the
Sierra Madre to the west, or by sedimentation offshore to the east, or
both. The second period of tectonism was the early Paleogene arrival and
collision of Cuba (Greater Antilles) with the Bahamas/southern Florida shelf
[Dickinson and Coney, 1980; Gealey, 1980]. The emplacement of thrust sheets
of the Cuban forearc tectonically loaded the southern Florida/Bahamian
margin, depressing the carbonates of the latter to oil-maturation depths.,
0il has since migrated upward into the fractured serpentinites that
presently form small reservoirs in and offshore northern central Cuba
[Wassal, 1956]. The causes of other possible "events"” during the
Cretaceous, including the Gulf-wide mid-Cretaceous unconformity [Buffler et
al,, 1980], volcanism and local plutonism in the Gulf Coast [Zartman, 1977:
Smith et al., 1981], uplift of the Wiggins, Monroe and Sabine highs, and
reactivation éf the Mississippi Embayment [Ervin and McGinnis, 15&5] are
unclear. In addition to these plate-tectonic deformations, much of the
northern and western Gulf has experienced severe sedimentary gravity sliding

and halokinesis,

Evolutionary model of the Gulf of Mexico:

Late Triassic

In the Late Triassic, western Pangea began to rift along widespread,

poorly defined zones of intracontinental block-faulting and dike emplacement
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(Figure 3,2), Minor associated motions, recorded by the Late
geclogy outlined below, led to th¢ pre--Atlantic, early Middle Jurassic
relationship between Africa and North America defined by Klitgord and
Schouten [1982].

In the southern U.S., north-south extension produced an extensive
graben system filled with Eagle Mills red beds. Along the eastern United
States, red beds, dikes and sills of the Newark Group and its equivalents
were deposited and emplaced in a belt of grabens parélleling the coast from
the Piedmont out to the continental shelf. This system has generally been
attributed to extension between Africa and North America, but  the
distribution and orientation of dikes with 200-220 Ma isotopic ages fit a
;ight=1ateral shear model within the arcuate zone (pre-Atlantic shear =zone,
Figure 3.2) along the eastern U.S. and western African margins [Swanson,
1982]1. It is not implied that each graben of the Newark series is a

pull-apart basin sensu stricto, but extension was probably accompanied by

dextral slip. Dextral shear along the eastern U.S. 1is compatible with
north-south extension along the U.S. Gulf Coast; th@s, the Eagle Mills and
Newark systems may be attributed to the same relative plate motion.

Lying amidst the eastern and southern U.S. shear and extensional zones,
respectively, 1is the complex region of continental blocks comprising
Florida, the Blake Plateau and the western Bahamas. Dextral shear between
North America and Africa would have led to convergence between western
Africa and the Blake Plateau/eastern Florida., A possible origin for the
Georgia Embayment is that of dextral shear, which would have allowed Florida
to escape laterally from the Africa-Blake Plateau convergence, A shearing
‘origin for the Georgia Embayment is suggested by the absence of a Jurassic
sedimentary section there, as would be expected had the Embayment formed

purely by extension,
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Te the west, southecasterly tectonic tramsport of blocks within HMexico
began at this time, along one or several shear =zones, or by internal
strain, This motion effectively maintained a land bridge from North to
South America until <the Callovian or 1later, A speculative cause of this

early motion is left-lateral oblique subduction of the Kula/Farallon Plate,

Middle Jurassic

Divergence between Africa and North America began in early Middle
Jurassic time (Figures 3.3 and 3.4) by seafloor spreading north of the Blake
Plateau, and by continental attenuation in the area of Blake Plateau and the
Florida Straits block. The Blake Spur Magnetic Anomaly (BSMA) can be
symmetrically correlated about the mid-Atlantic Ridge with the western
margin of Africa, and aligns with the eastern boundary of the present Blake
Plateau (Figure 3.5). Hence, it is evident that internal stretching within
the Blake Plateau accounts for divergence between North America and Africa
until the .time when the BSMA formed (approximately 170 Ma). The crust to the
north of the Blake Plateau that was created by seafloor spreading prior to
formation of the BSMA produces the Central North Atlantic's asymmetry with
respect to the present ridge axis. An early ridge apparently was abandoned
as the spreading center jumped to the site of the BSMA [Vogt et al., 1971],
associated with which Qas ridge formation between the Blake Plateau/Florida
Straits block and Africa.

In the developing Gulf of Mexico, Yucatan's progressive divergence from
Texas-Louisiana was achieved by severe continental attenuation until
probably Callovian or early Oxfordian time (postsalt), at which time
seafloor spreading began. During this early rift stage in Gulf development,

intracontinental extension was accompanied by subaerial deposition of the
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In the west, southeastward transport of blocks accelerated along the
Megican Cordillera, preventing the incursion of significant amounts of sea
water into the Gulf realm (Figures 3.4 and 3.5). One probable zone of
concentrated sinistral shear strain was the DMojave-Sonora megashear
[Anderson and Schmidt, 1983; Silver and Anderson, 1974], although
strike-slip fault motions may have occurred as far inland as the "Rio Grande
lineament"” (Figures 3.2 and 3.3), a term used here to define that line which
bounds the northeastward extent of significant basement reactivation during
bofh Jurassic and Laramide tectonism, Based on geometry, it is suggested
that left-lateral offsets within the "Chihuahua block™ north of the
Mojave-Sonora megashear total approximately 100 km. Motions upon the
Mojave-Sonora and faults within the "Yaqui” block (of Anderson and Schmidt
[1983]) to the south collectively approach 800 km. These motions were
completed by Oxfordian time, as the Zuloaga Group (Oxfordian) masks the
Mo jave-Sonora Megashear. Collectively, .the motions are responsible for the
emplacement of central Cordilleran Mexico into its present position with
respect to North America, which was formerly occupied by northwest South
America,

The postulation that Yucatan rotated out of the Gulf realm in turn
implies that a corresponding, synchronous rotational opening occurred
between Yucatan and Venezuela (Figures 3.3, 3.4, 3.5, and 3.6). This basin
may be termed the "Proto-Caribbean™ as it occupied the future site of the
Caribbean but was subducted beneath the true Caribbean Plate during Late
Cretaceous to FEocene time [Dickinson and Coney, 1980]. Whether this
Proto-Caribbean basin was marine during Middle Jurassic time is debatable,
However, the fact that it was subducted suggests that it was floored by

oceanic or extremely attenuated continental crust, and that it was probably
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marine., Furthermore, Middle Jurassic marine sedimentary rocks are found in
the northern ophiolitic belt of Cuba [Pardo, 197/5] that were accreted to the
Greater Antilles arc at the 1leading edge of the Caribbean Plate during
subduction of the Proto -Caribbean, Finally, Middle Jurassic, terrigenous,
partially marine sediments (San Cayetano Group) [Meyerhoff, 1964] are
preserved upon presumably continental crust in the Sierra Guaniguanico of
western Cuba; the latter 1is interpreted here as a portion of the rifted
margin of the northeastern corner of the Yucatan block which was obliquely
overridden and caught up by Cuba in the early Paleogene Bahamas~Cuba
collision. That this margin of Yucatan bordered the Proto-Caribbean also

suggests a marine character for the latter during the Middle Jurassic.

Late Callovian (Latter Middle Jurassic)

By the Callovian (Figure 305), basement attenuation had produced a
broad, subsiding platform of continental crust. As this platform subsided
through sea level, or as a tectonic barrier to ejither the Pacific or
juvenile Atlantic was repeatedly breached, flooding of the Gulf realm and
subsequent evaporation produced the once continuous Louann and Campeche salt
deposits. The Punta Alegre and (?) Exuma Sound salt may also correlate with
the Louann and Campeche, but may be slightly older (Bathonian) and relate to
the opening of the Central North Atlantic rather than to the Gulf of Mexico.
Such is the case with the Senegal Basin and Guinea Plateau salt deposits
[Jansa and Weidmann, 1982] which opposed the eastern Florida Straits block
at that time (Figure 3.4). A Callovian age has not actually been proved for
the Louann, but the majority of evidence [Scott, 1984] indicates a late
Middle Jurassic age, probably late Callovian [Salvador and Green, 1980;

Imlay, 1980]. Seismic stratigraphic studies [Buffler et al., 1980; 1981]
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probably Campache) possesses shallow water charascteristics, and its clean,
pure nature implies rapid deposition, perhaps on the order of orly hundreds
of thousands of years-(Co Schreiber, personal communication, 1983). The
environmental picture associated with the Gulf of Mexico's salt deposits
consists of a subsiding basin/platform, during lithospheric attenuation,
located possibly behind a foundering tectonic barrier to marine waters.
Flooding by marine waters produced numerous or continued shallow-water
influxes perhaps only tens of meters deep, the evaporation of which 1led to
salt deposition at rates which easily matched rates of basin subsidence
[Schreiber and Hsu, 1980].

Except for local occurrences such as the Buckner facies of the northern
Gulf Coast, Gulf-wide salt deposition ceased by early Oxfordian time at the
onset of relatively open marine circulation. Open circulation probably was
structurally controlled by the establishment of the Gulf of Mexico's
mid-ocean ridge system (Figures 3.5 and 3.6). The émplacement of oceanic
crust at typical isostatic elevations (2.6 km below preseni sea level)
produced a deep central Gulf trough sufficient to allow open marine
circulation throughout most of the Gulf. Furthermore, it was not until about
this time that the separation between South America and North America,
incorporating all basement attenuation in the Gulf, was sufficient to
accommodate the present size of the Yucatan block. The most likely entrance
for marine waters into the Gulf during the Late Jurassic is befween Florida
and Yucatan, as DSDP 1leg 77 documented Jurassic extension and marine
sedimentation [Schlager et al., 1984], and the Proto-Caribbean certainly had
become marine by Oxfordian time. Spreading at the Gulf's ridge system
isolated the main salt provinces, accounted for continued separation between

the U,S. Gulf Coast and Yucatan without further basement attenuation within
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their marging, and translated the Florida Straits bleck to its present
position berneath the western Bahamas and southern Florida (Figures 3.5, 3.6
and 3.8). Norphlet and Smackover deposition on the attenuated Gulf Coast
margin was not controlled by primary rifting but by differential subsidence
between adjacent basement blocks within a thermally subsiding platform and,
perhaps locally, ,by salt  migration where salt accumulations were
sufficiently thick. The Norphlet effectively blanketed basement features
(except Sabine and Wiggins) [Nicholas and Waddell, 1982; Cagle and Khan,
1983] so that by Smackover time (Figure 3.7), a true platform or carbonate
ramp had developed [Budd and Loucks, 1981].

In the western Gulf, migration of Yucatan continued along the
Tamaulipas-Golden Lane-Chiapas transform fault (TGLC). To the north of ' the
migréting junction of TGLC and the central Gulf ridge system, TGLC evolved
as a fracture zone separating zones of differential subsidence. The abrupt
topographic low, or freeboard, east of TGLC received enormous voiumes of
sediment (for example, Burgos Basin east of Monterrey, Mexico) [King, 1969].
As strike-slip moticn ceased along the Tamaulipas Arch, it subsided and
eventually was onlapped by Upper Jurassic carbonates.

Along the Pacific margin, left-lateral migration of Mexican blocks may
have occurred at this time primafily along the Trans-Mexican Volcanic Belt
lineament. The portion of proto-Mexico referred to here as the Guerrero
block could not yet have reached 1its present position because of overlap
with South America. Models of Caribbean evolution [Wadge and Burke, 1983;
Pindell and Dewey, 1982] assume a pre-Eocene connection between the Guerrero
and pre-Mesozoic Chortis blocks; Chortis may have been connected to the
Guerrero block at this time, Arc-related volcanism within Colombia 1is
indicated for the Late Jurassic by radiometrically determined ages on

presumably subduction-related plutons [Tschanz et al., 1974]. Convergence



between Chortis-Guerrero and Colombia is, therefore, seen as 1ikely. This
can only have been possible if the RKula/Farallon Plate convergence rate with
South America exceeded the spreading rate between North and South America,
and if the Guerrero-Chortis terrane essentially belonged to  the
Kula/Farallon Plate, as the Salinian block of western California essentially

belongs to the Pacific Plate today.

Early Tithonian (Late Jurassic)

Oxfordian-Kimmeridgian seafloor spreading at the Gulf ridge system
separated the Yucatan and Florida Straits blocks from the U.S. Gulf Coast
margin and isolated the three main salt provinces (Figure 3.6). Figure 3.7
summarizes lithofacies deposited in the Gulf area during Oxfo;dian time
(primarily Smackover and equivalents). A postulated triple junction off of
DeSoto Canyon in the northeast Gulf connected the central and-éastern Gulf
ridge systems to the postulated Florida Elbow transform. Southeastward
migration of the Florida Straits block may have produced the steep,
east-southeast trending portion of the northwestern Florida Escarpment. In
the southwestern Gulf, transform motion between Yucatan and Mexico continued
along the Golden Lane-Chiapas portion of TGLC. No salt was deposited along
the Mexican margin where seafloor spreading occurred. In Chiapas, deposits
of the Todos Santos "rift faqies" are younger (Late Jurassic-Early
Cretaceous) [Anderson et al., 1973] than those to the north (Werner and
equivalents). This is because shear along the active transform between
Yucatan and eastern Mexico continued longer in the south; that portion of
TGLC north of the southward migrating central-Gulf spreading center
progressively became a fracture zone, typified by simple thermal subsidence

and carbonate deposition.



Tn Mexico, shearing, perhaps localized aluuyg the Trans -Mexican Volcanic
Belt linecsment, hrought the Guervero bhlock (and Choritis -Nicaragua Rise) near
its final position. To the east, the Proto -Cavibbean cenlinued to open,
fanlike, between Yucatan and Venezuela, The mid -ocean ridge in this basin
must have been joined in some way with the plate boundary separating ﬁhe
Florida Straits and Yucatan blocks, which in turn must have been connected
to the Central North Atlantic ridge system by a Jlong transform along the
south side of the Bahamas. A single triple junction is portrayed connecting
these plate boundaries in the northern Proto-Caribbean, for simplicity, but
Paleogene subduction of this crust has eliminated direct evidence for this

proposition.

Berriasian (Earliest Cretaceous)

Horizontal plate motions associated with the opening of the Gulf of
Mexico were completed by the earliest Cretaceous (Figure 3.8). It was not
éntii this time that South Awerica had migrated sufficiently far tfrom North
America to accommodate Yucatan in its present position relative to North
America. Likewise, the Guerrero block of Mexico may have reached its final
position as well., Termination of its southeastward migration may relate to
cessation of a shearing component of subduction, as is indicated by the
Early Cretaceous initiation of head-on convergence (northeast relative
motion) between North America and the Kula/Farallon ©plates [Engebretson,
1982]. The termination of seafloor spreading in the Gulf of Mexico affixed
the Yucatan and Florida Straits blocks to the North American Plate. Thus,
continued spreading between North and South America occurred at a ridge
system(s) in the Proto-Caribbean basin. This ridge must have been connected

to the mid-Atlantic Ridge via a long left-lateral transform, and must have



extended out into the Pacifie realm between Yucatan and Colombia
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at. magnetic anomaly M 21 and ending at M 4, fracture zone
traces in the western Central North Atlantic possess a kink that indiczates a
westward shift in the Central North Atlamntic pole position during that time
interval {Kiitgord and Schouten, 1982; Klitgord et al., 1984]. Such a shift
should produce compression at any long Ileft-lateral transforms in the
system, Assuming that the eastern Bahamas is underlain by oceanic crust
(see above), the origin of the eastern Bahamas platform (oceanic basement
uplift to, or formation at, the photic =zone) is probably due either to
compression at the long left-lateral Bahamian transform zone, similar to the
Recent 3 km uplift of basement at the Mussau Ridge of the eastern Caroline
Plate [Hegarty et al., 1983] and the Pliocene emergence of the Romanche
transform in the Equatorial. Atlantic [Bonatti et al., 1977], or to extension
and volcanism alomng the transform zone (hot spot). However, due to the
kinematic prediction of compression arising from the temporary change in the
Central Atlantic pole position, a compressional origin is favored here

(Figure 3.8).

Post-Berriasian Development

Throughout most of the Cretaceous, carbonate banks developed across
nearly all of the shelf margins of the Gulf, Bahamas, and Proto-Caribbean
region. Terrigenous clastics were largely restricted to the arc systems
bounding the Pacific realm. During the Late Cretaceous, however, thrusting,
uplift and erosion in the Sierra Madre Oriental and the Rocky Mountain
Overthrust provided enormous quahtities of terrigenous clastics to the
western and central Gulf realm, The Florida Banks were protected from

clastic deposition by the DeSoto Canyon bathymetric barrier. The probable
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Nozth American itcouch systems. Also essociated with this orogenesis was the
migration of the preseni Caribbear Plate, iled by the Creater Antilles arc
system, into the Proto Lfaribbean realm, thereby subduciing crust of the
Proto-Caribbean basin. 7The Caribbean Plate as a whole probably is a2 buoyant
mass of Pacific origin [Burke et al., 1978]. Orogeny and clastic deposition
has occurred progressively eastward. along the margins of the
Proto-Caribbean, associated with the northeastward migration of arc systems
at the leading edge of the Caribbean Plate [Dickinson and Coney, 1980;
Pindell and Dewey, 1982]. The Caribbean Plate interacted with the southern
Yucatan shelf and northwest South Amecrica in the Late Cretaceous, the
western and central Bahamas and north-central Veﬁezuela in the Paleogene,

and with northeastern Venezuela and the easternmost Bahamas in the Neogene,



CHAPTER 4

FIELD STUDIES, PUERTO PLATA AREA, NORTHERN DOMINICAN REPUBLIC

92



FIELD STUDIES, PUERTO PLATA AREA, NORTHERN DOMINICAN REPUBLIC

Introduction:

This chapter summarizes the author's field studies conducted 1in the
Puerto Plata area of northern Dominican Republic, on the Greater Antillean
island of Hispaniola. The results of the field work are important to the
definition of first-order Caribbean plate-~tectonic elements made in Chapter
6 A(Outline of Primary Caribbean Geological Features); therefore, this
chapter precedes that one,

This chapter is organized as follows., First, the field brdblem is
defined. This is done by briefly reviewing the geology and history of Cuba,
Hispaniola, and the Cayman Trough. It ié shown that an important discrepancy
exists between the commonly accepted models for the historf of the Greater
Antilles arc and for the Cayman Trough. Then; on a more detailed scale, the
morpho-tectonic provinces of Hispaniola and their histories are reviewed.
This provides a framework, on the scale of Hispaniola, into which can be
placed the significance of the field work. The results of the field studies
in the Puerto Plata area are then summarized. From the field work,
canclusions are drawn that are later integrated into the Caribbean

plate-tectonic elements defined in Chapter 6.

Definition of the field problem:

The Greater Antilles islands comprise Cuba, Hispaniola, Puerto Rico and

93



Jamaica (Figure 4,1), Each of the islands is predominantly cumposed of
Cretacecus ©o¢ Eccene volcanic and sedimentary  rocks of dsland-arc
assocliation, The volcanic island-arc constituents of western and central
Cuba, however, may have been obducted ,onto, and hence overlie, stretched
pre-Mesozoic continental crust of the Bahamian margin., The basements of
Hispaniola and Puerto Rico appear to be composed entirely of oceanic crust
[Bowin, 1975; Banks, 1975]. That of Jamaica is unknown, but also is probably
oceanic crust [Arden, 1975]. The island arc associations of Cuba, Hispaniola
and Puerto Rico are very similar; the three islands very likely constitute
portions of one original island arc system. The rocks of Jamaica show a
similar history too, but Jamaica's geographic position relative to the other
islands makes it necessary to question Jamaica's genetic relationship with
the other islands,

To the north of Cuba and Hispaniola are situated the Jurassic to Recent
carbonate banks of the Bahamas. Stretched pre-Mesozoic crust underlies Great
Bahama Bank, whereas oceanic crust probably underlies the eastern portion
[Schlager et al., 1984; Uchupi et &l., 1971]. From the literature, a strong
case may be made that Cuba collided with the Bahamas Platform in the early
Paleogene; the collision culminated in the Middle FEocene. A detailed account
of this collision is given in Chapter 6, but the main lines of evidence for
the timing of this collision are (1) Paleocene-Early Focene orogenic
sediments and the Jurassic-Eocene carbonates of the Bahamas Platform are
overthrust by the north Cuban ophiolite sheets [Pardo, 1975], (2) island arc
volcanism ceased in the Early Tertiary, (3) orogenic flysch units of Early
Eocene age contain, for the first time, debris from both a volcanic source
and the Bahamas Platform [Pardo, 1975], (4) seafloor spreading ceased in the
Yucatan intra-arc basin in probably the Eocene [Rosencrantz et al., in

press, 1985], (5) subsidence in the Andros Island well of the Bahamas was
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five times faster during the Paleocene-Farly Focene than it was before and
after this period [Paulus, 1972], and (6) Upper Eocene flat-lying carbonates
overlie unconformably the deformed collision belt,

AAlong fhe norith coast of Hispaniola, the vremains of an uplifted
subduction =zone indicate arc-Bahamas collision there, as well as in Cuba
[Nagle, 1966; 1979; Bowin aﬁd Nagle, 1980]. Like Cuba, these authors suggest
that the Hispaniolan collision occurred during the Eocene, based on the
argument that the nearly flat-lying Luperon sandstone of the north coast
(Upper Eocene) overlies the subduction complex unconformably, and that the
subduction complex contains rocks as young as Eocene. If -so, it could be
concluded that Cuba and Hispaniola collided together as single arc with the
Bahamas in Eocene time,

Howevefg' between Cuba and Hispaniola lies the Cayman Trough, a 1400
km-long basin that is defined by the Swan and Oriente transform faults and
the Mid=Caymén Spreading Ceﬂter (Figure 4.1). The Cayman Trough began tor
form in the Early Oligocene [Wadge and Burke, 1983], is floored by oceanic
crust [Perfit and Heezen, 1978], and is presently seismically active
primarily along the above-mentioned fault zones [Molnar and Sykes, 1969];
the migration of the Caribbean Plate past North America is beiné recorded by
the formation of the Cayman Trough. Aséuming the entire Trough formed in
this way, it would appear that the basin is an exceptionally extended
pull-apart basin, whose offset is probably 1050 to 1100 km, taking into
account the fact that the ends of the 1400 km-long basin are underlain by
attenuéted crust rather than true ocean,

Meyerhoff [1966] believed that Cuba and Hispaniola are sufficiently
similar to propose that the two islands must have been once aligned, and
that the alignment of their metamorphic belts (arc and subduction complex)

provides a measure for the total offset along the Cayman Trough. He
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concluded that the islands have beaen offset by only 180 ku along the Oriente
Fault, which presently leaves the eastern eqd of <the Cayman Trough and
passes between Cuba and Hispaniola (Figure 4.1). If the offset across the
Cayman Trough was any greater, such as 1050 or 1100 km, restoration of the
offset would place Hispaniola far to the west of Cuba prior to the Oligocene
opening of the Trough, and would bring dinto question the genetic
relationship between the Cuban and Hispaniolan arc segments,

Although the offset across the fault cannot be directly pfoved from
observation of the Trough itself, the period of active subduction at the
Lesser Antilles (Eocene to Recent) is strong evidence to suggest that the
Caribbean Plate has been migrating east with respect to North America since
that time, Further9 for lack of any other probable mode 'of origin for the
Cayman Trough, it appears that the pull-apart model of opening explains the
geology of the Trough most satisfactorily. We are left, therefore, in a
quandary: how can Cuba and Hispaniola have belonged to the same arc prior to
the Eocene, and the Cayman Trough have opened by 1050 to 1100 km of
strike-slip offset since the Oligocene? o

To further complicate matters, recent work by Bourgois et al. [1980]
shows that the subduction complex of northern Hispaniola contains rocks as
young as Middle Miocene, and that the subduction complex is not overlain
anywhere by the Upper Eocene Luperon Formation. They conclude that
emplacement of the subduction complex is Middle Miocene in age, following
the deposition of the Luperon. The main implication of this would be that
the Hispaniolan and Cuban portions of the Greater Antilles belong to
different arcs, which collided with the Bahamas at different times. This
would have profound influence upon the possible plate-boundary mosaics that
could be derived to explain the evolution of the Caribbean region.

Unfortunately, no wells exist in the eastern Bahamas to measure a possible
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Miocene subsidence phase due to a Hispaniolan collision,

Thus, the premise of an originally continuous Cuba-Hispaniola arc is
brought into question. 1t was decided that the critical area to test the
various alternatives was the subduction complex along the novth coast of

Hispaniola. Was the age of

emplacement Eocene or Miocene? If Eocene, did
Cuba and Hispaniola belong to the same arc? If so, how can the great offset
across the Cayman Trough be explained? Also, is 180 km the best estimate of
the Cuba-=-Hispaniola offset? Finally, when did the offset occur? These
questioﬁs define the object of the field work undertaken by the author,
Most of these can be answered from the study of the north coast. The
reconciliation of the Cayman Trough offset, however, must be studied in the

southwestern part of Hispaniola; these studies are defined and summarized in

Chapter 5,

The morpho-tectonic provinces of Hispaniola:

The physiographic map of Hispaniola (Figure 4.2) shows that the island
is formed of four linear cordillera that are separated by three intervening
troughs. Lewis [1980] divided Hispaniola into 9 physiographic provinces,
In Figure 4.3, a modified version of Lewis' provinces is shown which
highlights the various structural elements of the island. Each of the
provinces of Figure 4.3 is geologically distinct from the next, and the
praovinces roughly follow the topographic variations of the island. Hence,
the provinces may be considered as morpho-tectonic provinces, The general
stratigraphies of the morpho-tectonic provinces of Figure 4.3 are shown in
Figure &.4. The general geology of each province is summarized below in

reference to the stratigraphic compilations of Figure 4.4.
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1) Subduction complex, north coast (this outline essentially summarizes the
results of the author’s fieldwork). Pre Middle Focene ultramafics,
gabbro, serpentinized pericdotite, sheaved volcanics, pillow basalt,
limestone, sandstone, tuff, minor chert, and mud comprise a melange
that was emplaced in the Early to mid--Focene. This complex was
transgressed by the Upper Focene-Upper Oligocene Luperon shallow-water
sandstone., Luperon-equivalent deposition may have persisted into the
Early Miocene towards the east of the province. An Early to Middle
Miocene period of folding, faulting, and erosion was followed by the
deposition of the the Upper Miocene-Middle Pliocene Villa Trina
carbonates. Since the Middle Pliocene, the province has been uplifted,
and Quaternary reefs now flank the shores. Reactivation of the melange
(mud- and serpentinite-diapirism) has occurred since the Middle
Miocene, intruding the Luperon and Villa Trina and incorporating those
rocks into the mud matrix.

2) Cordillera Septentrional, A pre-Upper Eocene baéement of silicic volcanic
rocks and plutons is unconformably overlain by Upper Eocene to Early
Miocene sands, shales and conglomerates of the Altamira Formation,
which is correlative to, but a deeper-water facies of, the Luperon
Formation of province 1. A Middle Miocene period of folding, faulting,
and erosion was followed by the deposition of the Upper Miocene to
Middle Pliocene carbonates of the Villa Trina Formation. The Cordillera
became emergent in the Middle Pliocene, and elevations are now in
excess of 2000 meters.

3) Cibao Valley. The pre-Oligocene is poorly known, but the site of the
Cibao was probably the proximal forearc basin of the Cordillera Central
Arc during the final stages of the convergence between the Greater

Antilles and the Bahamas. Volcaniclastics, dirty limestones, and minor



volcanica might be expected, Upper Eocene-Early Miccenc depositon is
inferred to be similer %o that along the basin margins; i.e.,
conglomerates, sands and shales equivalent to the Tabera Group
southwest of Santiago, and to the Altamira Formation of the Cordillera
Septentrional. In the Neogene, various shallow-water carbonate units
were deposited, such as the Cercado, the Gurabo, and the Mao Formations
[Saunders et al.,, 1980]. These units are thought to be shallow-water
equivalents of the Villa Trina Formation in the Cordillera .
Septentrional to the north. An important aspect of the Cibao Valley is
the exceedingly fast subsidence rates for the Neogene. As much as 7 km
of Miocene-Pliocene sediment fills the basin asymmetrically, deepening
to the north against the Septentrional Fault. Loading by a reverse
component of at least 9 km, in association with strike-slip, on the
steeply north-dipping Septentrional Fault clearly has played a role in
the subsidence mechanism for the bésino

4) Cordillera Central-Massif du Nord. This province is the backbone of the
island arc. A metamcrphosed Early Cretaccous basement of wmafic
volcanics (probably a form of oceanic crust) is intruded by Aptian
through Eocene iﬁtermediate to silicic plutons. This time-span is
assumed to indicate the period of active subduction beneath the
Hispaniolan arc complex, The flanks of the Cordillera are onlapped by
various Cretaceous and Tertiary sedimentary strata, but the range has
remained emergent, probably since the Campanian, certainly since the
FEocene., Minor Quaternary? alkalic volcanics occur near Constanza
[Donnelly and Rogers, 1980], but these are probably n@t related to
subduction.

4b) Nbrthwest Peninsula of Haiti. Some physiographic outlines of Hispaniola

(e.g., Lewis [1980]) consider this area a part of the Plateau



underlain by intermediata to silicic volcanics like those of the
Cordillera Central-Massif du Nord. Hence, this area is considered part
of the main arc system, aﬂd is not strictly a separate province., In
the Tertiary, conglomerates and sands were deposited in the Eocene and
in the Miocene, separated by an Oligocene unconformity with local
reefs,

5) Cordillera Oriental. It is not known whether or not to include this area
with the Cibao Valley or the Cordillera Central. Lower Cretaceous
acidic volcanics, tuffs and basalts are overlain (at El Seybo at least)
by an Aptian--Albian rudist-bearing limestone [Hernandez, 1980]. These
are followed by sandstones, limestones, tuffs and basic lavas into the
Upper Cretaceous. A stock dated at 75 Ma cuts most of the volcanics.
Minor terrigenous and marine Oligocene? to Upper Miocene beds locallyw
transgress the older complex., It appears that volcanism largely ceased
in Cordillera Oriental by the beginning of thé Tertiéry; this is
distinctly different to the Cordillera Central, where plutonism
continued into the Eocene, although indications of Paleogene plutonism
may be obscured by poor exposure and erosion., It is likely, however,
that the axis of arc volcanism migrated from this area in the Late
Cretaceous, perhaps related to changes in the geometry of subduction
beneath the arc (see Chapter 8). Although unknown, this history may be
more similar to the Cretaceous history of the Cibao Valley rather than
to the Cordillera Central.

6) Plateau Central-San Juan Basin. This valley, and all areas to the south
as well, possesses no record of Cretaceous to Focene island arc
volcanism, This is clearly distinct from the northern half of the

island. Basement in this province is poorly known; Eocene pelagic



limestones and cherts (Neiba or Plaisance Formaticns) form the lowest
knowvn section., Basalits exposed in the Sierva Neiba and the Southern
Peninsula to the south are probably indicative of basement throughout
the southwest of the island. The basalts are correlative to the B"
seismic horizon of the Caribbean Plate., In the valley proper, no sign
of a terrigenous (arcﬁdefived) sedimentary input 1is known until the
Early Miocene [Michael, 1979]. This is discrepant with the Cordillera
Central's emergence throughout the Tertiary. Hence, the northern
boundary of the basin (Los Pozos-San Juan Boundary Fault) is proposed
as a site of large strike-slip offset which occurred during the Middle
Eocene to Early Miocene period (see chapter 6). This motion brought the
San Juan Basin into juxtaposition with the Cordillera Central, so that
arc=derived material is present only in the basin’'s post-Oligocene
sections, Carbonates with a terrigenous component continue in the
basin through the Miocene, after which time the basin beééme mostly
emérgent° Pliocene to Recent thrusting along the Los Pozos-San Juan
Fault zone obscures direct assessment of the strike-slip history.,

6b) Sierra El Numero. In the southeasternmost part of the San Juan Basin, in
the Sierra El1 Numero, Eocene conglomerates and sandstones (formerly
thought to be Upper Cretaceous) are foided and thrusted in a fashion
that is similar to that in an accretionary prism. The south-verging
complex is overlain by Oligocene conglomerates and olistostromes. The
clasts of the Eocene and 6f the Oligocene sediments are arc-derived.
It is suggested that this "accretion" is due to a convergent component
associated with the Eocene-Early Miocene strike-slip motion along the
Los Pozos-San Juan Fault Zone, rather than due to subduction sensu
stricto. No deposits other than sand, shale and conglomerate are

known, there is no known metamorphism in the belt, and there are no



known Upper FEocene-0ligocene subducticn-related volcanies to  the
north., The Eocene sediment was probably deposited along the length of
the arc, but the subsequent strike.slip motion is responsible for its
present position in the southeast only. Hence, the magnitude of offset
may exceed 250 km,

7) Montagnes Noires, Chaine des Matheaux, Sierra Neiba. Basement in this
area consists of Cretaceous mafic volcanics, with no indication of
subduction-related volcanism., Volcaniclastic turbidites of possible
Paleocene age occur only locally., The first regional sedimentary
succession includes Middle Eocene bioclastics (Plaisance Formation),
and Upper Eocene pelagic carbonates (chalks) and cherts (Neiba
Formation). These sediments show no indication of the Focene orogenesis'
that was occurring synchronously in the Cordillera Central. As stated
above, large strike-slip offset probably has since occurred along the
Plateau Central-San Juan Basin. Pelagic limestones (Sombrerito and
Lemba Formation) were deposited through the Lower Aquitanian (Lower
Miocene). In Sierra Neiba, these arc followed by marls, bioclastics,
and volcano—sedimentary sediments of Upper Aquitanian to possibly
Serravallian age [Bourgois et al., 1979a]. These are the first
sediments to show a terrigenous source (Cordillera Central). During the
Tortonian or later, these Middle Miocene sediments were overthrust from
the north (south-vergent thrusting) by Eocene-Miocene sedimentary
rocks. Uplift and possibly emergence of Sierra Neiba occurred in the
Late Miocene, in association with the subsidence of the Enriquillo
Basin to the south. This uplift geographically separated the San Juan
and Enriquillo Basins, probably for the first time.

8) Enriquillo—Cul de Sac Basin. Basement in this basin is unknown, but by

analogy with surrounding areas it is probably oceanic crust affected by
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the B" basaltic extrusions. Tl.ikewise, the Plaisance and Neiba
Formations probably occur, but this is unconfirmed to the author. Late
Oligocene pelagics and minor shale are known, and deep-water conditions
generally persisted into the Middle or Late Miocene. The Fondo Negro
subbasin in the east was filled at rapid rates during the Late Miocene
[Cooper, 1983], probably in association with the southward advance of
thrust sheets of Sierra Neiba (foredeep relationship). The
Enriquillo-Cul de Sac has since remained near sea-level, with periodic
transgressions and regressions.,

9) Sierra. Baharuco, Massif de la Selle, Massif de 1'Hotte. Basement
consists of Caribbean seafloor with B" basalts which was extremely
deformed. during the Campanian-Maestichtian [Maurrasse et al., 1979].
Various Upper Cretaceous-Early Eocene turbidites containing basaltic

and carbonate clasts (Beloc, Marigot Formations) locally overlie the

basement iocaiiyo In Sierfa Bahoruco, anr Upper Cretaceous to Léwer
Paleocene unconformity occurs, and these clastics are absent. In the
Paleogehe,“ carbonate banks separated by deeper areas developed, as
recordeg by the Plaisance, Neiba and Jeremie Formations [Maurrasse,
1982]. Carbonate deposition continued into the Miocene. A regional
uplift or shallowing of the peninsula began in the Middle? Miocene,
associated with the general north-south compression witnessed across

southern Hispaniola,

Geology and evolutionlgﬁ the Puerto Plata area:

The location of the field area relative to other geographic features in
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northern Dominican Republic is shown in Figure 4.5. The area circumscribes g
fenster through the Miocene Pliocene marls and limestones of the Ccrdillera
Septerntrional, which exposes a portion of the subduction complex of the

north coast (province 1 of Figure 4.3).

Previous work

Most of the work to date on the area was done by F, Nagle [Nagle, 1966;
1969; 1971 19725 19745 1979; Bowin and Nagle, 1980]. Prior to Nagle’s PhD
mapping in the early 1960's, the Puerto Plata area had been included in a
general paleontological study by Bermudez [1949], in which several Tertiary
ages on the sandstones and carbonates in the area were reported. Gabb
[1873] and Vaughan et al. [1921] give general descriptions, but only from
an historical perspective., More recently, the area has been included in the
general mapping by Eberle et al. [1980] of the entire Cordillera
Septentrional. Also, some paleontological work by Bourgois et al. [1980]
has provided some new information on the age of certain units in the area.

Until the time of this writing, no geological map of the area on a
proper topographic basemap existsol Filling this void is one of this work's
objectives. Nagle's work provides, however, quite detailed assessments of
the lithologies present. His petrographic analyses are quite complete; few
additional lithologies were discovered by the writer. The work of Eberle et
al, [1980] for the Puerto Plata area relied heavily upon the previous work
of Nagle., As indicated above in the definition of the field problem, the
main point of contention regarding the Puerto Plata area is the timing and
style of emplacement of the subduction complex. The Nagle "school" argues
for Eocene, while Bourgois et al. [1980] calls for Maestrichtian-Paleocene

elevation of peridotite to the photic zone, followed by a Miocene phase of
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"tangential® tectonics  (emplacement)., Hence, the author's wapping
concentrated on (1) the definition of the lithologic units present, and (2)
the relationships in time and space between the varicus units, rather than
on a comprehensive lithologic examination., The findings are interpreted
under the more recent philosophy of subduction complexes in general [Cloos,
1982; Karig, 1980; Becker and Cloos, 1985; Williams et al., 1984; Murphy and

Aalto, 1983].

Geological map of the Puerto Plata area

About 15 weeks of field work around Puerto Plata were done over the
summer of 1982 and the winter of 1985. The resulting map is shown as Plate
1. Mapping was done at a scale of 1:25,000 on 100% blowups of the 1:50,000
sheets tZO meter contour interval) of the 4U°S° Army map service topographic
maps of the Dominican Republic (updated in 1966-1967). Plate 1 is presented
at a scale of 1:50,000.

Localities in the map area arc identified in tﬁeltext by thelUniversal
Transverse Mercator Grid System (UTMG). This coordinate system is shown on
Plate 1. Using this system, and mapping at a scale of 1:25,000, outcrop
localities may be defined to a realistic accuracy of 50 meters. By
convention, the north-south trending coordinate 1is cited before the
east-west coordinéteo

Fossil localities where age determinations were available to the author
are identified on the map in large circled numbers. These are defined

below, after the description of the stratigraphy.

Stratigraphy of the Puerto Plata area



The single most striking characteristic of most of the vocks around
Puerto Plata is that they occur in a chaotic manner [Nagle, 197271. Nagle
[1966; 1972] referred to one of the units present as an olistestrome (San
Marcos) to explain the occurrence of a variety of allochihonous blocks, or
knockers, sitting in_ a mud matrix. More recently, the idea of the ares
representing a tectonic melange of trench fill has emerged [Bowin and Nagle,
1980; Bourgois et al., 1980]. Figure 4.6 compares the stratigraphy of the
area from the views of Nagle [1966] and Bourgois et al. [1980].

The present work acknowledges strengths to both compilations. The
author's stratigraphic column for the Puerto Plata area is shown in Figure
4.7, Briefly stated, it is agreed that a tectonic melange with mud
encompassing all of the lithologies in the Puerto Plata area exists,
following Bourgois et al. [1980], but it is contended that the melange was
initially emplaced during the Eocene, following the Nagle "school,” and has
been reactivated and remobilized since the Middle Miocene. The rock units,
as they have been mapped in Plate 1 and schematically shown in Figure 4.6,

are described below.

The Puerto Plata Melange:

The Puerto Plata Melange consists of serpentinized peridotite, layered
cumulate ultramafics and gabbros, sheared volcanics of  intermediate
composition, pillow lavas, minor pelagic sediments, blueschists,
amphibolites, marble, greenshists, andesitic tuffs,.shallowawater limestone,
and a variety of sedimeﬁtary rocks including turbiditic limestone, sandstone
and mudstone, all set 'in an unconsolidated, weakly foliated, sheared mud
matrix. In some areas, the solid constituents volumetrically dominate, but

never exclude, the mud matrix. In other places, the mud dominates, but

never excludes, the solid constituents. These various lithologies are
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hetter described below,

26>}

Serpentinized  peridotites: Negle [1966] defined two types o
serpentinite in the field area, magsive and brecciated9 neither of which was
emplaced magmatically, This is confirmed by this study. Roadcuts along the
new Santiago-Puerto Plata highway show that the massive serpentinites are
internally sheared in a phacoidal fashion, on a centimeter to decameter (10
meters) scale. Blocks of other lithologies such as sheared volcanics and
schists are occasionally interlaced with the phacoids, indicating intense
tectonic shearing.

The brecciated serpentinites are more diverse. Well-rounded fragments
of serpentinized peridotite are encased in a lighter green to grey matrix
consisting mostly of serpentinite gouge. The fragments range in size from
sand to boulders one meter in diameter. The matrix ranges from about 107 to
as much as 707 of the total rock volume. The rounding of the fragments is
probably tectonic in origin, but a sedimentary origin for the “breccias"
cannot be.ruled out. In certain areas, they look very much like a typical
conglomerate consisting of peridotite clasts within a serpentinite-derived
matrix of clay to sand sized particles. In at least three separate
localities west of Maimon Bay (31270/219350, 31020/219540, and
31050/219710), limestone clasts of 3 cm to 25 cm are among the fragments in
the peridotite breccia. This, however, could be due to either sedimentary
or tectonic mixing.

Layered cumulate ultramafics: In a cliff section along the coast to the

east of Maimon Bay (31650/219420), tightly folded layered ultramafics
occur, The occurrence is fault-bounded and wunrelated to the neighboring
rocks; it seems to be a block exceeding 40 meters in diameter, jumbled in
with the gabbros and volcanics also present along this portion of the

coast, The hills immediately ' south of this occurrence may be layered
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insufficient to tell for certain, No other definite 1layered cumulate
ultramafics were seen in the Puerto Plate avea.

Gabbros: Along the coast to the east of Maimon Bay (31620/219420) and
along the new highway (31720/219280), cliff sections of coarse -grained
leucogabbro are exposed. On the coast, these are clearly layered
cumulates, Some horizons are darker that the rest, and contain a greater
percentage of pyroxine, The gabbros are very fractured and hydrothermally
altered, with calcite veins filling the fractures. As with the ultramafics,
the gabbro bodies appear to be blocks, two of which exceed 100 meters in
length.

In one locality on only a meter scale (31580/219420), a dark diabase
intrudes the gabbro. In another locality on a meter scale (31680/219430),
the gabbro intrudes the ultramafics. Both instances probably occurred in
the original magma chamber as perturbations in the convective cooling
process,

Shearcd volcgnics of intermediate composition: This  constituent

correlates with the volcanic flows of Nagle's [1966] Los Canos Formation. In
most occurrences, they are extremely sheared and so weathered that decent
samples could not be taken., Nagle [1966] considers them intermediate
volcanics, and in some localities true andesites. The sheared volcanics are '
the only known rocks north of the Camu fault that could be related to
island-arc  volcanism. The basement of the Cordillera Septentrional
immediately south of the Camu Fault, however, is composed of intermediate
volcanics. It is suggested that the sheared volcanics (Los Canos) owe their
source to the hanging wall of the overriding plate, and were torn off during
the subduction accretion process prior to collision with the Bahamas.

Pillow lavas: Unquestionable pillow lavas occur at only one locality,




116

wvhich is completely surrounded by the mud matrix (31750/218810). Micritic
limestone cement between the pillows gives an Farly Cretaceous (pre -Aptian)
age [Bourgois et al., 1980]., The pillows are not sheared or highly
fractured, suggesting that they were probably emplaced into the melange late
in the subduction history. They probably originated from the downgoing
Atlantic crust just before collision with the Bahamas. Plate reconstructions
(see Chapter 3) predict an Early Cretaceous age for the proto-Caribbean

seafloor to the south of the Bahamas.

Minor pelagic sediments: At the locality of the pillowed lavas

mentioned above, one finds fragments of red and gray pelagic sediments in
the surrounding mud matrix. Other pelagics occur randomly throughout the
melange. However, no ages have been reported for these fragments, and their
significance to the history of subduction is unknown,

Blueshist, greenschist, amphibolite, marble: Blocks of various

metamorphic grade occur throughout the melange. Blueschists are common in
the area immediately east of Imbert (around 31240/218580). Here, Nagle
[1966] reports that they cccur within the scrpentinite, which is coufixmeé
by the author, but occurrences were also found resting on the mud matrix.
They probably occur in both the mud and the serpentinite. There is perhaps
a relationship between this area of blueschists and the proximity of the
Camu Fault. Discussed later is a case for the Camu Fault defining the
contact between the subduction melange and the basement of the overriding
forearc complex. If true, the Camu is the logical vent by which originally
deep-seated blueschist could have escaped quickly to the surface,
particularly if subduction was oblique prior to collision.

Greenschist and amphibolite grade rocks occur erratically. One good
example of an amphibolite is at (30540/218940), where a ten meter block

rests on mud matrix. This area was previously unrecognised as being
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underlain by the mud matrix. An area domindled by greenschists iz at
(30580/218890), whers serpentinite is also present,

Marble was reporied along ihe new highway by Bowin and Nagie {1$80],
but the author was unable te find this occurrence. Other recrystallized
limestones approaching marble gréde are common in the mud matrix.

Tuffs: The Puerto Plata Melangé also contains blocks and fragments of
usually beige to white tuff. Nagle [1966] included coarser-grained tuffs in
the Los Canos Formation, whereas he placed finer--grained tuffs into the
Imbert Formation. In this study, all tuffs are considered to be of the
Imbert Formation.

The presence of tuff fragments and blocks interspersed throughout the
melange suggests that (1) tuff deposition occurred in the trench during
active subduction and accretion, or (2) tuff deposition post-dated
subduction, and the melange became remobilized, and then intruded the tuffs
sometime after the collision. The degree of interworking is considerable,
however, and mud diapirism into an overlying tuff sequence probably couldn't
have achisved the degrec of interworkiug observed., Paleontological dating
of the Imbert Formation indicates a Paleocene-Lower Eocene age [Nagle,
1966]; the Imbert thus predates the collision, whether it occurred in the
Eocene or in the Miocene. Therefore, the former alternative is preferred
here., |

Shallow-water limestone: Large blocks of commonly  brecciated,

recrystallized white limestone occur on and within the melange across the
west-central part of the field area. This is the La Isla limestone of Nagle
[1966], which he inferred to be Miocene or younger. Bourgois et al. [1980]
have determined a Late Maestrichtian or Paleocene age for a block of the La
Isla that lies southwest of Maimon Bay (31270/219350). Eberle et al. [1980]

disclaim this as the La Isla, but the author has mapped this occurrence as
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La Isla as well. Funrther; probable cobbles and pebbles of la Isla occur iu
at  least three exposures of the peridotite breccia (312/G/219350,
31020/219540, and 31050/21971C), and in another exposure of the sheared
volcanics of the Los Canos (31030/219540). Hence, a pre Middle Focene age is
preferred by the author. Amoco Production Company examined a sample of La
Isla limestone from (31500/219370) and stated the following: the sample is
Tertiary in age, was deposited in shallow water, and has been rotated with
respect to its original depositional attitude [S. Barrett, pers. comm.,
1983]0.Hence, La Isla limestone is assumed to be of Paleocene age, deposited
in shallow water, accreted to the subduction complex and brecciated therein,
and brought to the surface during collision with the Bahamas. The original
depositional environment may have been an atoll-like seamount in the

proto-Caribbean Sea, or a shallow southward protrusion of the Bahamas

carbonate bank.

Various sedimentary rocks: Included as well 1is a variety of finely
laminated sandstones, limestones, and mudstones, most of whicﬁ appear to be
of turbiditic origin. Many show definitg soft -sediment deformation, others
appear as though they "ruptured” possibly due to instantaneous loss of
hydrostatic pressure. All have depositional characteristics typical of
trench fill,

In addition to these, both the author (at 31780/218810) and Bourgois et
al, [1980] have obtained Middle Mioocene ages on some limestone blocks
within the mud matrix. Bourgois et al. [1980] claim this as evidence for
Miocene emplacement of the entire melange. However, a case will be made
later that these inclusions were added to the melange during its Miocene to
Recent phase of reactivation.

Argillaceous mud matrix: In variable percentages, a soft mud that is

usually striated on breakage surfaces (equivalent to slickensides) occurs



with all of the above lithelogies., It ic seen "intrudiug” volcanics and
serpentinite (31580/219410), underlying scrpentinite (31800/219230), and
surrounding most of the blocks of the melange. Tt effectively forms a
matrix to the unit as a whole, Rather than treating the serpentinite and
volcanics as basement that is overlain by an argillaceous olistostrome, as
did Nagle [1966], this author feels that all of the above described
lithologies are incorporated as variably-sized blocks within the mud

matrix,

The Puerto Plata Melange: the ophiolite suite? Most of the above

constituents, which form sand-sized to greater than 100 meter (and possibly
km) blocks in the mud matrix, form an association that could be interpreted
as having originated from the ophiolite suite. The author favors this
interpretation and suggests that the collection as a whole comprises a
single wunit of subduction-related melange. The various turbiditic
lithologieé, the La Isla limestone, and the Imbert tuffs were probably
incorporated during the final stages of subduction, prior to final ocean

closure between the arc and the Bahamas.

The Imbert Formation:

Although blocks and fragments of the Imbert tuffs are included in the
Puerto Plata Melange, The Imbert Formation overlies the melange, with far
more structural coherency, in a large area to the north of the town of
Imbert (Plate 1). Hence, the Imbert is a mappable unit, distinct from the
melange, and is given Formation status.

‘Nagle [1966] defined the Imbert Formation as: a series of tuffaceous
rocks with minor thin-bedded, fine-grained, turbid limestones and rare green
radiolarian cherts., The tuffs can be divided into light to dark gray

calcareous crystal tuffs and white, fine-grained vitric tuffs, Pelagic



:ks indicate a Paleocene -Lower Hocene age, but
this may be the eclder part of the forwation only. The fine grain size and
the presence of radioclaria suggest deep-water ceposition.

The author extends the definition of the Imbert Formation to include
turbiditic beds, or debris flows, of sand and conglomerate that contain
angular to  sub-rounded 1lithic  fragments up to 10 cm of foliated
metamorphics, serpentinites, volcanics, and green siliceous fragments.
These are interbedded with the white tuffs of the Imbert Formation to the
east of Imbert (31020/218550), but the best exposure of this facies occurs
along the new highway at (31250/219000). This latter exposure has been
subjected to soft-sediment deformation. The general map pattern suggests
that these debris beds are in the lower part of the Imbert Formation,

The Imbert can be interpreted as orogenic trench-fill sediment. The
presence of serpentinite and metamorphic clasts in the debris flows
indicates that some portion of the accretionary complex had been uplifted
prior to the uplift of the Puerto Plata portion. This 1is suggestive of an
oblique collision between the arc and the Bahamas. Some of the Imbert was
incorporated into the Puerto Plata Melange, whereas the Imbert Formation

sensu stricto (Plate 1) overlies the melange. Hence, it appears that the

Imbert was ldeposited during the phase of active subduction, but was not
entirely accreted. The author =suggests that deposition of the Imbert
spanned the period of collision between Hispaniola and the Bahamas. Much of
" the deformation within the Imbert Formation probably results from the uplift
and emplacement of the trench fill against the Bahamas.

In the field area, the contact between the Imbert and the overlying
units 1is wusually littered with blocks of variable lithology and size.
Serpentinite, contorted 1limestone, sandstones, metamorphics nodules of

chalcedony (members of the melange) are typical. In some places, the mud



matrix is present as well., It would seem that during the emplacement of tha
subduction complex, mud diapirs broke through the overlying tuffs aad
turbidites and locally spread out across theuw, This is not unlike the
welange diapirs iﬁtruding the Cambwvia trench slope basin near Cambria,
California [Becker and Cloos, 1985]. The resulting surface, after
emplacemeni, was exposed to erosion ané a proféund unconformity atop the
Imbert Formation and the diapiric areas of the Puerto Plata Melange
developed. This wunconformity is Middle Eocene in age, as indicated by the

overlying, transgressive Upper Eocene to Upper Oligocene Luperon Formation.

The Luperon Formation:

Nagle [1966] defined the Luperon Formation as a "1 km thick repetitious
sequence of poorly indurated buff and yellow-orange calcareous tuffaceous
shales, bioclastic buff limestones;, and calcarecus tuffaccous sandstones.
Generally thick-bedded calcareous sandstones alternate with thin-bedded
shales and rare limestones. The beds are graded, both on the scale of the
internal structure of individual beds and on a larger scale of several beds
in sequence as se;n in any one outcrop. Thick~bedded conglomerates form the
base of the formation,"” which overlies the Imbert Formation with angular
unconfdrmity°

The present author follows this definition of the Luperon Formation,
although the aereal extent of the formation has been extended to include the
area north of the town of Imbert (Plate 1). In fact, the stream crossing
beneath the new highway in this area (30780/218640, and continuations of
stream) provides the best exposures of the Luperon, and its contacts with
the Imbert, known to ;he author. Here, the contact can be identified to

within 10 meters, and the horizon is composed of blocks up to 2 meters

comprising a variety of 1lithologies. This collection of blocks can be
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regarded as a basal conglomerate of the Luperon, but the larger hlocks are
probably residual boulders of the unconformity that were not reworked by the
vaters of the tramsgression,

Palcoatolcogical age determinatious reported by Negle [1966] and by
Bourgois et al., [1980] indicate a Late Kocene to Late Qligocene age for the
Luperon. It is unknown how much of the upper part of the formation has been
removed by erosion.

The Luperon is generally gently dipping, except near the traces of
faults such as the Camu. Its deposition clearly post-dates the main period
of emplacement of the Puerto Plata Melange, as it is often flat-lying and
overlies the Imbert Formation. However, at (30830/218640) the mud matrix of

Athe Melange overlies gently-dipping sands of the Luperon. As outlined later,

this is interpreted as being due to Miocene-Recent remobilization and

diapirism of the melange unit,

The Villa Trina Formation:

Throughout much of Cordillera Septentrional and the plains and hills
along the north coast, latter Tertiary carbonates overlie the older rocks.
Nagle [1966] did noé name these rocks in the field area, but recovered
Miocene ages from the carbonates of Pico Isabel des Torres. Bourgois et al.
[1980] referred to these carbonates as the Pico Isabel Series. Eberle et
al. [1980] followed Vaughan et al. [1921], and referred to the
Septentrional carbonates as the Villa Trina Formation. The carbonates are
similar in age and lithology throughout the Septentrional, the north coast,
and the Puerto Plata area; thus, the term Villa Trina is adopted here for
the Puerto Plata area, although the type locality is outside of the field
area.

In the Puerto Plata area, north of the Camu Fault, the Villa Trina



"carbonates reach 500 meters in thickness and consist of three facies. At
the bottom a basal conglomerate is often encountered (33410/218040, for
example), and the rounded clasts of 3 to 50 cm in diameter dnclude
fine-grained, very hard, dark grey 1limestone, medium grained basic and
intermediate igneous rocks, greenshist—grade rocks of igneous origin, and
second-generation conglomerate cobbles, All of these could have originated
from the Puerto Plata Melange or possibly the basement of the Cordillera
Septentrional,

Overlying the conglomerates are soft, dirty limestones with varying
contents of clay, or marls, These form the bulk of the formation in the
field area. The marls are usually cream colored, and occasionally
interbedded with. 10 to 50 cm thick beds of beige to orange bioclastics (such
as at 32450/218630). Some of these beds are conglomeratic and contain mafic
pebbles. Burrows are common, and coral fragments occur in some of the
bioclastic beds.

At the top of the unit, the limestone becomes cleaner and much harder.
This hard cap is responsible for the way in which the occurrences of the
Villa Trina stand out gopographicallyo In the Cordillera Septentrional,
these caps are usually composed of reefs or reef debris. Atop Pico Isabel
des Torres, reef debris is present also, but no reefs in situ were seen.

Bourgois et al. [1980] have dated the Villa Trina of Pico Isabel; they
report Serravallian at the base and Tortonian at the peak (upper Middle to
lower Upper Miocene). Outside the field area at Cabo Frances Viejo to the .
east, the marly facies is of Messinian age. In the Septentrional, the reefy
facies which recordé shallowing is Middle Pliocene, which is presumably the
time at which the Cordillera Septentrional became emergent. It is unclear
whether or not these younger sediments originally occurred on Pico Isabel

des Torres and have been eroded. Their absence atop Pico Isabel suggests
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that the peak had a different history relative to the remainder of the
Septentrional. Pico Isabel’s odd position, standing alone within the Puerto
Plata Melange, suggests gravity sliding £rom an unknown source [Negle,
19656]. Yhe sliding may have occurred any time after the Tortonian, and was

probably related to reactivation of the Puerto Plata Melange.

Quaternary sediments; alluvium, reef terraces, and alluvial fans:

Much of the field area 1is covered by Quaternary alluvium, In
particular, the mud of the Puerto Plata Melange and the tuffs and turbidites
of the Imbert Formation are easily eroded, and rivers with wide floodplains
cut into them. The deposits are typically muds, sands, and gravels, the
gravels being composed mainly of constituents of the Puerto Plata Melange.
Streams usually dissect the floodplains by 2 to 5 meters, indicating tﬁat
the area is undergoing recent uplift.

Around the western, eastern, and northern fringes of Pico Isabel des
Torres, broad carbonate alluvial fans have developed. Avalanches occur
quite frequently from the cliff sections of the mountain.

In coastal areas in the northeast of the. field area and at the mouth of
Maimon Bay, Quaternary reef terraces and beachrock are exposed. This is

further evidence of recent uplift in the area.

Fossil localities and age determinations

The following list is keyed to the large circled numbers on the map

(Plate 1). For each, the age and source is identified.
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Luperon Formation; Upper Middle Eocenc to Upper Oligocene [P.Cepek,
pers, comm,, 19857,

La Isla Limestone; Late Maestwichtian or Paleocene [Bourgols et al.,
1980].

Villa Trina (in Puerto Plata Melange); Middle Miocene or later [E.
Robinson, pers.comm., 198%4],

Villa Trina Formation; Upper Lower Miocene [P. Cepek, pers. comm.,
1985]: Serravallian [Bourgois et al., 1980, but exact location
uncertain],

Villa Trina Formation; Upper Lower to Lower Middle Miocene [P. Cepek,
pers, comm., 1985].

Villa Trina Formation; Upper Lower Miocene; [P. Cepek, pers. comm. ,
1985]; Tortonian [Bourgois et al., 1980].

Villa Trina Formation; Upper Lower Miocene [E; Robinson,'perso comm, ,
1984].

Luper&n ? or Villa Trina ? Formation; Upper Middle Oligocene to Lower
Upper Oligccene [P, Cepek, pers. comm., 1985]. |

Luperon ? or Villa Trina ? Formation; Middle Tertiary and bathyal [E.
Robinson, pers. comm., 1984]; Upper Oligocene [P. Cepek, pers. comm.,
1985].

Fault gouge (from Luperon and/or Villa Trina; Upper Eocene and Lower
Miocene, so Lower Miocehe [P. Cepek, pers. comm., 1985].

Villa Trina Formation; Upper Lower Miocene to Lower Middle Miocene [P.
Cepek, [pers.comm., 1985].

Luperon ? or Villa Trina ? Formation; Middle Tertiary and bathyal [E,

Robinson, pers. comm., 1984],

NOTE: Recently, Saunders et al., [1980] have undertaken to refine the

biostratigraphy of the Neogene of the Dominican Republic. Their work is not
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vet completed, but preliminary vesuli
determinaftions, includiug the zbove, ave approximately 8 miliion years too
0ld, This canmof be, and is noi, applied as fact to these determinationy,
although the assigned ages are suspect and, perhaps, should be considered as

age maxima.,

Structural and tectonic considerations of the geology of the Puerto Plata

Area:

Little structural information is available from the field area.
However, the following considerations assist with the interpretation of the

field area and of the region as a whole.

Foliations

The only rocks possessing foliations are within the Puerto Plata
Melange. Many of the knockers have well developed cleavages (greenschists,
blueschists, émphibolites) but, as knockers, these provide little insight as
to the evolution of the actual field area. They do, however, indicate an
origin with high P/T ratios of up to 20 km depth, and hence are integral to
the interpretation of the Puerto Plata Melange representing a subduction
complex [Nagle, 1966]., The mud matrix of the Melange is locally weakly
foliated, with anastomozing cleavage surfaces bearing shearing striations
(essentially slickensides). No one outcrop, however, possesses a consistent
throughgoing attitide of cleavage. This may be due to the Middle Miocene to

Recent reactivation of the matrix.
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Folds

The few measurable attitudes of bedding v the Imbert and Luperon
formation do not conform te folding about any preferved axis, Dome and
basin structurec is perhaps more the case, and may relate to the presence of
mud and serpentinite beneath these horizons., It is felt that the Imbert and
Luperon sediments more or less “ride™ on the Puerto Plata Melange, and do
not deform according to regional stress patterns. Deformation within the
Villa Trina carbonates is brittle, and inclined attitudes are mostly due to
faulting.

Blocks within the Puerto Plata Melange are often folded with an
associated cleavage. Soft-sediment folds in a sandy greywacke lithology is

also common,

Faults

Because of the mobile role of the Puerto Plata Melange, faults within
it aré difficult to recognize. They may be apparent locally, but in many
areas they cannot be traced.

The Camu Fault is the most prominent fault of the field area, and 1is
linear for over 40 km. The Camu defines the southern limit of the Puerto
Plata Melange, and the northern limit of the intermediate volcanic basement
of the Cordillera Septentrional. The majority of blueschist occurrences in
the Puerto Plata Melange crops out within 1 km of the Camu; the fault may
have served as a conduit along which the blueschists were emplaced by
circulation within. the melange. The Camu is interpreted as ﬁhe boundary
between the Greater Antilles forearc complex and subduction complex. Fault

gouge and breccias are common along it, but no stretching lineations could
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be seen due to weathering. No markers zras évailable by vhich to measure the
offset along the Camu., Presently, the Villa Trina of the Septentrioval is
topographically higher than +the coastal hills, but the faci: that one can
wallk south from Melange to Pliocemé carbonate suggests that the fault's
motion is down on the south., The linearity of the fault and its residence
in the sinistral Noritth Caribbean PBZ would suggest that a sinistral
component exists as well, The dip of the fault is steep, probably to the
south,

Another prominent feature is the Maimon Graben, a topographic low
extending southwest from Maimon Bay. Nage [1966] reports fault breccias
along the west flank. The graben, if in fact it is a graben, is oriented in
a‘trend that fits a sinistral shear model. However, the highest elevations

"and it is

of the field area flank the southern margin of the "graben,'
possible that an obscure effect of mud diapirism plays a role in the
observed topography.

Finally, Pico Isabel des Torres is an isolated occurrence éf the Villa
Trina carbonates. Tts basal beds are conterted, commonly with shearing
striations, Blocks of the limestone occur in the Matirx of the Melange
surrounding the Peak. It appears as though Pico Isabel slid into its present
position from an unknown place, but the direction of motion could not be
deduced.

To summarize, east-southeast sinistral compressive faults and the
chaotic reactivation of the Puerto Plata Melange are the primary causes of
structural deformation in the field area. Most of the presently witnessed
topography is probably Late Pliocene or later.,

On larger scale, the pre-Upper Eocene paleogeographic relationship

between Hispaniola and Cuba needs to be addressed. Outlined earlier were

arguments for an Early to Middle Miocene initiation of strike-slip motion



along the Oriente Fault System. Using North Amewvica/Caribbean slips rates of
3 to 4 em/yr [Macdonald and Holcombe, 197/8], Hispaniola can be returped
approximately to colinearity with Cuba within this time period, Hocene
mackers on both Cuba and Hispaniola that can be realigned to measure
subsequent offget include the earc plutons, the uplifted subduction
complexes, and possibly the Gﬁantanamo and Cibao forearc basins of the two
portions of the arc,

Figure 4.8 shows a realignment off these features. Total offset is
predicted to be 400 km, with 300 or 350 km having occurred offshore northern
Hispaniola in the Bahamas Channel, and the remainder of 50 to 100 km having
occurred along the various faults that are north of the Cordillera Central
(Tabera, Septentrional, and Camu). Hence, it is concluded that Cuba and
Hispaniola were pért of the same arc cohplex until the Middle Miocene, at
which time strike-~slip offset amounting to 400 km began to separate the

two, It 1is interesting to note that terrestrial fauna of Cuba and

Hispaniola diverged in the Late Miocene (R. Buskirk, pers. comm., 1983).

Geological history of the Puerto Plata area:

The following account is the author's interpretation of the geologic
history of the Puerto Plata area. Most of the story is derived from field
relationships and the paleontologic ages of the various formations, but in
some instances regional aspects have been incorporated to complete or
augment the story. The area's evolution is schematically shown in Figure
4,9,

The critical phase in the evolution of the Puerto Plata area is the

Early to Middle Eocene. This is when the subduction complex was uplifted
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offset along the Oriente Fault System is about 400 km, 300 to 350 of this occurred cffshere in =he 3ahanmes
Channel; the remainder was shared along the Septentrional, Camu and Tabera Faults. The Talere Feul: was active
in the Cligocene, but motion was probably minor.
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Figure 4,9, Six stage cross--sectional evolution of the north coast
subduction complex, Camu Fault defines the boundary between the
forearc and the subduction complex. Late Cretaceous to Paleocene,
subduction and development of the Puerto Plata Melange. Paleocene to
Early Eocene, deposition of Imbert tuffs and debris flows, with partial
accretion into Puerto Plata Melange. La Isla shallow-water limestone
may have been derived from the Bahamas or an atoll-like seamount in the
proto—~Caribbean. Early to Middle Eocene, primary period of collision
eith the Bahamas, uplift and erosion. Upper Focene-(Oligocene deposits
(Luperon and Altamira) transgress the orogen. Early to Middle Miocene,
sinistral strike-slip motion begins with uplift and minor folding as
northern Hispaniola separates from Cuba, Puerto Plata Melange is
reactivated, and renewed subsidence through the Middle Pliocene allows
deposition of Villa Trina shallow-water carbonates. Middle Pliocene
initiation of strike-~slip and reverse motion on Septentrional Fault
separates Cordillera Septentrional from Cibao Valley, and Neogene
deposits of the Cibao are over 7 km thick. Present, uplift continues
and the Puerto Plata Melange remains highly mobile.



133

4

evel, The uplift is interpreted as

J

bove sea

E
o
¢
G
0
A
o
£
»
5
=
e
o
C\
)

resulting from the collision of the Higpzniolan portion of the Creater
Antilles Arc with the Beshamas cevbonate platform. Therefore, the geologic
history prior to tithe Nocene is that of  subduction, The available
information allows the following statements to be made about this subduction
phase,

The oldest known sediment is the pre-Aptian micritic limestone cement
between pillow lavas in the Puerto Plata Melange. This cement may or may not
have survived submergence below the calcium carbonate compensation depth.
Whether the basalts originated from the downgoing Atlantic Plate or from the
overriding forearc of the Caribbean Plate cannof be determined; both sources
should be of Early Cretaceous age.,

No other Cretaceous fauna have been reported, except for the Upper
Maestrichtian to Paleocene age of La Isla limestone, which here is believed
to be Paleocene based on other age determinations suggesting a Tertiary
age. Thus, little is known of the Cretaceous history, and the field area
contains no iéforéatiou as to the time of the initiation of south-dipping
subduction. The only dates on the blueschists: come from the Samana
Peninsula, where Joyce [1983a] reports ages ranging from 50 to 400 Ma, which
helps but a little. The volume of material in the Puerto Plata Melange that
has not been dated as Tertiary 1is very small. This may indicate that
subduction began relatively late in the Cretaceous, but terrane migration or
underplating may be responsible for this as well. In Chapter 8 on the
geological evolution of the Caribbean, a variety of other reasons are
invoked to suggest a Campanian age for the initiation of subduction along
the north coast of the Greater Antilles Arc. This age is fully compatible
with observations made in the field near Puerto Plata,

In the Paleocene, the shallow-=water La Isla limestone and the tuffs and
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turbidites of the Imbert Formation were deposited. The metamorphics and
serpentinites in the Imbert turbidites suggest that part of the Greater
Antilles subduction complex was exposed by then. The Tmhert and La Isla
facies are discordant (ghallow versus deep), and & mcchanism must be
responsible for their final juxtaposition. Three alternatives for the ILa
Isla seem reasonable: (1) La Isla limestone was deposited on an atoll-like
rise within the proto-Caribbean basin and was accreted to the Puerto Plata
accretionary wedge just prior to collision, (2) La Isla was deposited on
parts of the subduction complex that were already uplifted, and (3) La Isla
was deposited on the Bahamas Banks or some portion of the tﬁe leading edge
of the Caribbean Plate and tumbled down into the trench at the onset of the
collision and was then accreted to the subduction complex with the coeval
Imbert Formation. Option (2) 1is least likely because of the intimate
intermixing of La Isla with the melange, but evidence is insufficient to
choose between options (1) or (3),

Oblique closure of the trench is suggested by the turbiditic deposition
of serpentinites and metamorphics in the Imbert Formation. An along-strike
portion of the subduction complex, once uplifted to the surface, would
naturally provide detritus of these éorts to the, as yet, unclosed portions
of the trench system. In Cuba, collision is accompanied by the propagation
of sinistral tear-faults across the orogen, indicating west-to-east oblique
closure there (younging to the east). This scenario, 1if extended to
Hispaniola, suggests that the Oriente Province of Cuba should have been
uplifted before the Puerto Plata area, and that it may be the source of the
Imbert lithic clasts., Indeed, both serpentinites and metamorhics occur in
Oriente Province [Case and Holcombe, 1980]. The author suggests that the
serpentinite and metamorphics of the deep-water Imbert Formation is evidence

for a collision with some degree of obliquity, younging to the east, and
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Upiift of the Pueric Plaie melange cccurred in the Farly Focene while
the depogition of tuffs continued o2 the floor of the rising trench. Mud
diapizism probably accompanied this uplifi, By the time tne complex became
subareal, mud diapirs had penetrated the overlying tuffaceous section, and
the mud matrix and its exotic blocks flowed, perhaps only locally, onto the
tuffs of the Imbert Formation. The Imbert was deformed heterogenously during
uplift, but the area to the north of_ the town of TImbert, although
west--dipping and in angular unconformity with the Upper Eocene Luperon,
retained coherency and thus is mappable as a Formation.

In the Middle Eocene, the entire area was exposed to erosion, and the
mud matrix was largely removed from above the Imbert. The erosion surface
consisted of ;he Imbert Formation, the‘Puerto Plata Melange, and residual
boulders of the eroded diapirs. This unconformity marks the culmination of
the arc-Bahamas collision,

In the Late Eocene, the sea transgressed the eroded surface and the
Luperon Formation was deposited. The quartz of the Luperon sandstones
probably originated from the basement of the Cordillera Septentrional or
even the Cordillera Central. Much of the Luperon, however, originated from
the ground over which the sea transgressed; the Luperon’s sands are largely
composed of the lolder lithologies, plus calcite. Deposition was in
primarily shallow wafer, as evidenced by occasional gypsum beds and the
fauna of the sandstones, but shalier layers contain fauna of typically
deeper water. The coeval Altamira Formation of the Septentrional to the
south is coarser, and abundant marine fans of conglomerate [Redmond, 1980]

indicate deeper water conditions.

These conditions prevailed until at least the Upper Oligocene, Early
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Lkorizons centain the well. known Dominican ambew depo
coast and 1in the Septentrvional, uplift and folding produced a second
regional unconformity during the Farly or eariy Middle Miocene. The T.uperon
and Altamira Formations are more deformed than are the Villa Trina
carbonates, the latter of which commonly have a basal conglomerate. Nowhere
in the Puerto Plata areag. however, was a definite angular unconformity
observed by the author.

In addition to the unconformity between the Luperon/Altamira and the
Villa Trina, there are major sedimentological differences between the two.
In particular, the source areas for the respective deposits were different.
The Eocene to Early Miocene deposits are primarily arc-derived, probably
from the Cordillera Central/Sicrra Madvc of Cuba. The Luperon/Altamira
depocenter flanked the Cordillera, and bathymetric gradients must have been
down to the northeast, in the direction of fan and turbidite deposition in
the Altamira [Redmond, 1980]. The Villa Trina, in contrast, has little
terrigenous input other than clay and a small volume of conglomerates, both
of which were derived from the underlying Luperon and Altamira. Tectonic
motions associated with the Early to Middle Miocene uplift (early-Middle
Miocene unconformity) apparently changed the geometry of the depocenter so
as to prevent continued!terrigenous input to the Septentrional and north
coast areas from the Cordillera Central, Deposition in the Cibao Valley at

this time is not entirely clear: the paleobiostratigraphy is presently being

redefined [Saunders et al., 1980]. However, it appears that an assemblage of
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The Harly to Middle Miocene uplift end subsequent change in deposition
is interpreted to be the result of the dinitiation of stike-slip motion
between Cuba and northern Hispaniola, The wuplift is  indicative of
compression which was either related to, or relieved by, strike--slip motion
along the Oriente Fault. Hispaniola began to migraite eastwards relative to
Cuba, more or less as a part of the Caribbean Plate; the total offset is
about 400 km, The Septentrional and north coast regions subsided to neritic
to upper bathyal depths (10 to 200 meters) during this migration and the
deposition of the Villa Trina.

Important during this second phase of plate motion is  the
remobilization of the Puerto Plata Melange. The norihern coast  has
experienced far more deformation than has the Septentrional. Also, the
present topography is related to this phase. The highest hills and ridges
are composed of the softest, most-easily weathered, material in the
stratigraphic column, the Puerto Plata Melange (Plate 1).

Perhaps the most dramatic effect of this remobilization 1is the sliding
of Pico Isabel to its present position. It 1is clearly an isolated
occurrence of the Villa Trina. It is suggested that Pico Isabel was detachéd
from another area of Villa Trina deposition and translated to 1its present
position by gliding across, or being carried by, the mud wmatrix of the
Puerto Plata Melange. Such a translation may be responsible for

incorporation of Middle Miocene fragments in the mud matrix to the west and
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(if Ma). Carbonares ar the base of Picc Isebel are
primery bedding; no soft -sediment deformation was seer and it is felt that
sliding cccurred after disgenesis, probably in the Late Miocene or Pliocene,
Melange reactivation occurs to the present, as witnessed by ever—present mud
slides and rapid break up of <the highways crossing the umelange. The
formation of Maimon "Graben" is related to this phase of deformation as

well, and has probably occurred in Quaternary times.

Conclusions:

1) Cuba and the northern half of Hispaniola are portions of the same
Greater Antilles island arc complex. Their histories are the same.

2) The Greater Antilles collided with the Bahamas in the Late Paleocene
to Early Eocene. Collision had terminated by the Late Eocene,

3) The ophiolites of northern Hispaniola are part of a tectonic
melange. Mud diapirism from the trench sediments during and just after the
collision, and again in the Middle Miocene has occurred.

4) 400 km of strike-slip dissection of the Cuba-Hispaniolan portion of
Greater Antilles arc has occurred.

5) The separation has occurred since the Middle Miocene, with a
corresponding Middle Miocene unconformity and a subsequent change in

deposition.
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WIELD RELATIONS IN THE SOUI'HERN DOMINICAN REPUBLIC

. Introduction;

In chapter 4, morpho--tectonic provinces of Hispaniola were defined and
outlined. It was shown that southern Hispaniola 1is composed of several
generally east~west‘trending belts possessing different stratigraphies. The
tectonic style of the northern Caribbean during the Cenozoic suggests that
the differing terranes were juxtaposed by strike-slip motions with varying
amounts of a compressional component., Reconnaissance observations were
conducted by the author at various localities to learn more about the
apparent strike-slip juxtaposition story. The observations suggest that
faéies discontinuities exist between major shear zones, forming a "San Juan
Block" and a "Southern Peninsula Block'" of Hispaniola. The San Juan block
appears to have arrived in juxtaposition with the Cordillera Central in the
Early Miocene, whereas the Southern Peninsula block appears to have arrived
in the Late Miocene (10 Ma). Transforms associated with the early Cayman

Trough are responsible for these motions.

Faunal ages on collected samples:

Below is a listing of faunal ages and paleoenvironments determined by
E. Robinson (pers. comm.) for various rock samples collected by the author
in the southern Dominican Republic. Notes have been added where pertinent.
The findings have augmented the general stratigraphic columns for the

morpho-tectonic domains defined in Figures 4.3 and 4.4, and have helped to
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define the structural limits of the San Juan and Southern Peninsula Blocks,
The sample numbers are keyed to localities drawn cn Figuvre 5.1. The basemag
for Figure 5,1 Js after the Blesch [1968] geologic meps at a scale of
1:250,000, Many more samples were orviginally submitted, but these could not
be dated because of a lack of faunal content or of diagenetic

recrystaliization.

Carbonates of Sierra Bahoruco

1. 7pelagic.,

2, Middle Tertiary, pelagic.

3. Middle Tertiary, pelagic.

4, Middle Eocene shelf, or Oligo/Miocene with reworked Eocene
material.

5. Middle to Upper Eocene shelf.

6. Middle Eocene shelf,

7. Middle to Upper Eocene, bioclastic, ?shelf.

8., Upper Eocene, bioclastic. |

9, ?pelagic.

10. ?pelagic.

11. Upper Paleocene, shelf, or bioclastic layer.

12. Paleocene or Lower Eocene, sparite, 7shelf.

13. oolitic, 7?shelf.

14. 7pelagic.

15. 7?shelf.

16. Spicalite, ?batﬁyalo

17. Submarine breccia,

18. Lower Miocene, bioclastic in pelagic.,



Carbonates of Sierra Neiba and Mariin Gaccia

19. Miocene/Pliocene, pelagic.

20, Middle Miocene to Pljocene.

21. Miocene/Pliocene, pelagic.

22. Upper Eocene, bathyal turbidite.

23. Paleocene or earliest FEocene. Note: this occurrence is interbedded
with and baked by 1lavas, The age defines the age of volcanism in the
central S. Neiba and may represent the age of the entire volcanic area on
the Blesch map.

24, Lower Miocene, ?shelf, but turbiditic (may be reworked).

25, Upper Paleocene/Lower Eocene, pelagic.

26, Lower Eocene, pelagic,

27. Miocene/Pliocene?.

Comments:

Sierra Bahoruco appears to have been a shallow carbonate bank during
the Paleocene to Eocene. Littlé is known of the Oligocene, and the rare
occurrence of Oligocene sediments is bothersome and may suggest a
fundamental problem in the understanding of Oligocene biostratigraphy in the
northern Caribbean. No evidence of unconformity has been detected betweep
the Eocene and Miocene sections, and potentially Oligocene sections are
micritic, deep-water limestoﬁes° The Miocene began with predominantly
deep~water deposition, but uplift, probably controlled by strike-slip

faulting, was underway by Early Miocene time as indicated by bioclastic
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layers in sediments of that age. Middle Minrene or younger marine gediments
are restricted to the coastal areas.
Voicanism epparently occurred locelly in Sierra Neiba during the

Palecocene/Focene, but the cause of the volcanism is unknown. The pet

«-s

ology
of these lavas 1is not necessarily indicative of island arc volcanism. The
lavas may have come up along strike-slip féultsu Deep-water sedimentation
continued into the Early Miocene, but uplift began at this time and
emergence occurred at least locally by the Late Miocene, forming the
structurally distinct San Juan and Enriquillo Basins that we see today.

The Paleocene/Eocene section of Sierra Martin Garcia is pelagic like
the Sierra Neiba, in contrast to the Paleocene/Eocene shelf facies of Sierra
Bahorucoo Hence, Sierra Martin Garcia 1is viewed as being more closely
related to Sierra Neiba than to Sierra Bahoruco. Thé structural boundary
between thé Sierra Neiba and Enriquillo Valley provinces, therefore, trends
-offshore into Bahia de Neiba at Barahona, rather than through the Fondo

Negro Basin to the north of Martin Garcia,

Structural development of southern Hispaniola:

In . the north, the Cayman Trough suggests a minimum of 1050 km of
transcurrent motion; this is well-defined in the Trough itself, whose
eastern end lies directly south of Sierra Maestra of eastern Cuba. However,
continuations of composite splays to the east of the Trough must be inferred
from geologic relatioﬁships in and around Hispaniola and Puerto Rico.
Presently, the Oriente Fault between Cuba and Hispaniola is the active
transform which connects the Mid-Cayman Spreading Center with the Lesser
Antilles subduction Zone, although the Oriente splays into the Bahamas

Channel, Camu, and Septentrional faults in northern Hispaniola. In <chapter



4L, it was shown that a total of 400 km of

{n

trike elip moticn hae cccurred

gincel the Early Miocene along these composite favlis., If 400 km of motion
have occurred along the Oriente Faultt system in the north, fault systems
responsible for the remaining 650 km of the Cayman Trough's indicated offset
must pass to the south of the arc complex of Hispaniola, Further, as the
eastern end of Cayman Trough lies to the north of the Southern Peninsula of
Hispaniola, this motion must pass through the island of Hispaniola itself.

Southwestern Hispaniola consists of three physiographic highs separated
by two intervening lows which are Neogene sedimentary basins (Figure 4.3).
The Late Miocene to Recent history of these terranes is predominantly that
of north-south compression [Biju-Duval et al., 1983a; Bourgois et al.,
1979a,b]. The northern block (Cordillera Central-Massif du Nord--Massif du
Nord'ouest) has overthrust the San Juan-Plateau Central basin to the south.
The middle physiographic high (Sierra Neiba-Chain des Matheaux-Ile de la
Gonave) has overthrust the Cul de Sac-Enriquillo Basin. The relationship of
the Cul de Sac-Enriquillo Basin to the southern high of Sierra Bahoruco and
Massif de la Selle is poorly known. Little evidence exists in these areas
for large-scale transcurrent offsets since the Middle Miocene, although
minor strike-slip faults such as the Plantain Garden-Enriquillo fault [Mann
et al., 1984] do occur. Hence, large-offset transcurrent motions (totalling
650 km) that splayed from the Cayman Trough through southwestern Hispaniola
are probably resticted to the Oligocene through Middle Miocene interval
(about 3 cm/yr, if motion was continuous).

If an Oligocene to Middle Miocene strike-slip phase preceded the Late
Miocene to Recent southward vergent overthrusting phase, then the thrusting
probably nucleated upon the pre-existing transcurrent fault zones. Thus,
the southern hanging walls of the overthrusting compiexes may preserve

evidence of the former strike-slip phase, as well as evidence constraining
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intervening basins have been ovarthrust, thereby obscuviug auy record there
of sivike -slip deformation. Following this logic, the northern San Juan
Boundary Fault and the northern boundary of Enriquillo Cul de Sac Basin are
the likely locations to find evidence for large -scale strike-slip offset,
Along the south flank of Cordillera Central and Massif du Nord, the Los
Pozos~San Juan boundary fault zone separates two distinct terranes. To the
north lie metamorphosed Cretaceous to Paleogene arc-related rocks and
volcanogenic sands of the Cordillera Central and Massif du Nord, and to the
south lie Paleogene deep-water micrites, silts and slates which possess
little arc derived volcanic debris [Michael, 1979; Bowin; 1975]. Only in
Sierra de Ocoa in the southeast of the San Juan Basin does one find the
Eocene-0Oligocene volcaniclastic and conglomeratic facies expected to have
been deposited along the length of the arc complex during and follqwing Late
Paleocene-Eocene orogensis [Biju-Duval et al., 1983a; Bourgois et al.,
1979b; Dolan, in prep., 1985]. Not until the Early Miocéne did significant
amounts of terrigenous 'sanﬁ enter the San Juan Basin [Michael, 1979]. This
suggests that the basin had arrived in juxtaposition with the arc terrane by
that time, although the basin probably continued to migrate along the length
of the arc unitl the Middle Miocene. On sedimentologic grounds, the facies
discrepancy across the Los Pozos-San Juan Boundary Fault Zone suggests that
at least 350 km of transcurrent motion has brought the floor of San Juan
Basin into its present position from the west, as measured from western
Sierra Ocoa to the tip of the northwest peninsula of Haiti, which itself was
a source of volcanogenic sediment in the Paleogene. Structural studies along
the fault [Michael, 1979] acknowledge the existence of a strike-slip
component of offset, but the magnitude is unknown. The Late Miocene(?) to

Recent section along the northern San Juan Basin margin is relatively
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undeformed in comparison to the older sediments deposited bhefare and dnvring
the strike--slip phase.

Along the southern margin of Sierra Neiba, evidence for large scale
strike--slip motion has not been veporied. However, the maximum age for the
initiation of thrusting is Upper Miocene (Lower Tortonian, about 11 Ma;
Bourgois et al., [1979a]), as indicated by Focene rocks thrust onto
Tortonian rocks. To the south of Sierra Neiba, the Fondo Negro Basin, an
exposed part of Enriquillo Basin, was filled predominantly during Late
Miocene-Pliocene time, in accordance with southward-directed thrusting in
Sierra Neiba [Cooper, 1983]. The difference between the minimum of 350 km
offset along the Los Pozos-San Juan fault and the total of 650 km that
passed through southern Hispaniola may have occurred along Sierra
Neiba-Chaine des Matheaux-Ile de 1la Gonave, before it overthrust the
Enriquillo-Cul de Sac Basin in Late Miocene time. Before  this
overthrusting, the Plateau Central--San Jdan Basin and the Cul de
Sac-~Enriquillo Basin may have been one and the same.

Both the Los Pozos-San Juan Fault and the southward limit of thrusting
in the Sierra Neiba-Matheaux-Ile de la Gonave thrust belt have logical
bathymetric continuations into the northeast cofner of Cayman Trough [Case
and Holcombe, 1980]. These probable former transcurrent fault =zones are now
draped with Neogene sediment, attesting to their dormancy and/or evolution

into thrust zones [E. Rosencrantz, pers.comm., 1983].
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OUTLINE OF PRIMARY CARIBBEAN GEOLOGLC FEATURES:

Introduction:

The principle geographic features and the present plate boundary
configurationn of the Caribbean region are shown in Figure 6.1. Put simply,
the Caribbean Plate is migrating eastward with respect to North and South
America at about 3-4 cm/yr [Sykes et al., 1982]. Subduction occurs at the
leading (Lesser Antilles Arc) and traiiing edge (Middle American Arc) of the
plate, while generally strike-slip deformation and offsets occur along the

northern and southern plate boundary zones.

This chapter defines a set of Caribbean plate-tectonic elements which
must be integrated into models outlining the region's evolution. This is
done by reviewing Caribbean geology and deducing primary magmatic arcs,
ultramafic-mafic  complexes representing uplifted cceanic  crust,
arc—-continent collision =zones, the paleogeographic significance of the
Yucatan Basin, Grenada Basin and the Cayman Trough, and the concept and
development of northern and southern Caribbean plate boundary zones. These

features are shown in Figure 6.2.

Magmatic Arcs and Uplifted Occurrences of Oceanic (Crust: Keys to the Timing

and Polarity of Subduction ig_thg Caribbean:

]

General significance of arcs:
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Figure 6.2. General tectonic map of the Caribbean showing features described
in text. Heavy letters A through H refer to the following arcs: A,
Greater Antilles; B, Aves Ridge; C, Lesser Antilles; D, Leeward
Antilles; E, Costa Rica-Panama; F, Chortis; G, Nicaragua Rise-Jamaica;
H, Central and Western Cordillera, Numbers refer te occurrences of
oceanic crust and are keyed to and described in Table 6.1. D146 and
D150-D1533 are DSDP holes (Leg XV) that reached medial Cretaceous
basalts of the B" seismic horizon., Traces of transform systems through
Hispaniola are shown: Los Pozos-San Juan-North Puerto Rico was active
Late Eocene or Early Oligocene through Early Miocene; Neiba-Proto
Muertos Trough-Anegada was active primarily during Miocene;
Oriente-North Hispaniolan-Puerto Rican Trench active since Middle
Miocene. Lara Suture has been dextrally offset since the Late Miocene
by transcurrent motions along the Merida Andes. NW trending sinistral
faults across Panama have allowed escape of blocks from the
Panama-Western Cordillera collision zone (Atrato Suture). Significance
of trends of magnetic anomalies in Yucatan [Hall and Yeung, 1980] and
Grenada Basins (Westbrook, pers. comm) shown in Figures 6.4 and 6.5,
respectively. MCSC, Mid-Cayman Spreading Center, with  flanking
structural trends. Oceanic portion of Cayman Trough bounded by first
normal fault symbol at each end.



Subduction~related igneous rocks in the Caribhean (generally Jurassic

to Recent intermediate magmatic rocks) can be grouped into eight primary
magﬁatic arcs (Figure 6.2). The eight arcs have different histories and can
be defined by comparing the record of subduction-related magmatism,
i?lcanogenic sedimentation, and the evidence for arc polarity at various
times for various Caribbean geomorphologic provinces. Some of these arc
terranes have been dissected by transcurrent plate motions during and
following their formation and, therefore, no longer possess their original
arc geometry. The terms "Andean" and "intra-oceanic" are used here to refer
to subduction-related magmatic arcs which have developed upon pre-existing
continental and oceanic crﬁst, respectively.

Some of the intra-oceanic arcs, such as the Greater and the Leeward
Antilles arcs, contain mafic metamorphic rocks that are older than all
plutonic rocks of the respective arcs. It is unclear whether these rocks
are ophiolitic basement or whether they represent primitive arc material,
This is a critical queétion when attempted to determine the period of active
subduction at each arc, becasue the crystallization age of ophiolitic
basement has little to do with the period of active subduction. In this
study, only those magmas and volcanics that are truly intermediate or
calc-alkaline are assumed to be indicative of subduction, and the older
metamor phic mafics are regarded as basement. Concerning the polarity of
arcs, the direction from . the arc plutons to the forearc and accretionary
prism 1is referred to as the "facing" direction (e.g. an east-facing arc
overlies a west-dipping Benioff Zone).

The subduction--related igneous activity (plutons9 lavas, tuffs) of
seven of the eight arcs through time is summarized in Figure 6.3; the eighth
arc of northwest South America has been operative since the Jurassic, but

the volcanic axis has shifted intermittently from area to area (see later
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Figure 6.3, Time-space compilation chart of subduction-related igneous
activity (tuffs, intermediate plutons, and lava flows) for each arc
(designated in Figure 6.2) within the Caribbean region. The inclined
collision symbol for the Greater Antilles 1indicates slightly oblique
collision, Sources used, by arc, as follows, Greater Antilles: Bowin
[1975]; Cheilletz et al. [1978]; Cox et al. [1977]; Feigenson [1978];
Kesler [1971]; Kesler and Sutter [1979)];: Kesler et al. [1977]:
Khudoley and Meyerhoff [1971]; Laverov [1967]; Meyerhoff et al.
[1969]; Pardo [1975]. Aves Ridge and Saba Bank: Andrieff et al.
[1979]; Bouysse et al. [1981]; Fox and Heezen [1975]; Fox et al.

"[1971]; Nemec [1980]; Santamaria and Schubert [1974]. Lesser Antilles:
Briden et al. [1979]; Nagle et al. [1976]; Tomblin [1975].
Panama-Costa Rica: Bandy and Casey [1973]; Bellon and Tournon [1978];
Escalante [1966]; Fisher and Pessagno [1965]; Guidice [1979]:
Henningsen [1965]; Restrepo and Touissant [1977]; Terry [1956]; Weyl
[1980]. Venezuelan Antilles: Maresch [1974]; Santamaria and Schubert
[1974]. Chortis: Clemons and Long [1971]; Horne et al. [1974; 1976];
Levy [1970]; Mills et al. [1967];: Mills and Hugh [1974]; Paz Rivera
[1964]; Piniero and Romero [1962]:; Weyl [1980]; Wilson [1974]; Zoppis
Bracci [1960]. Jamaica-Nicaragua Rise: Arden [1975]; Kashfi [1983];
Lewis et al. [1973];: Meyerhoff and Kreig [1977].
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section) and cannot be shown as a single arc in Figure 6.3. Most radiometric
dates on plutons are K.-Ar dates, which generally indicate upliff rather than
emplacement; nevertheless, K .Ar dates on plutons arve indicative of arc
activity. Furthermore, general correlation exists between sivatigraphic and
radiometric ages for arcs where data from both methods are available. The
period over which each arc in Figure 6.3 was volcanically or magmatically
active correlates approximately with the period of active subduction. When
deriving paleogeographic reconstructions, however, it should be noted that
subduction may precede initial magmatism, and volcanogenic sedimentation, by

perhaps 2 to 8 million years, depending on the subduction rate.

General significance of occurrences of oceanic crust:

Ultramafic-mafic complexes are another primary source of information
for plate-tectonic syntheses; they often represent ophiolites that are
preserved pieces of oceanic crust which may indicate the former existence of
now vanished oceans [Burke et al., 1977]. Ultramafic-mafic complexes that
are representative of oceanic crust occur throughout the Caribbean [Burke et
al., 1984; Case, 1980; Wadge et al., 1982].

Oceanic rocks of the ophiolite suite usually are formed below sea level
and are brought to the surface primarily in compressive regimes. They occur
on land generally in three tectonic settings; 1) in uplifted accretionary
complexes as clipped off seamounts or fragments of the former downgoing
plate, 2) as diapirs or sheets in flower structures within strike-slip zones
where oceanic crust forms the basement, and 3) in belts separating pairs of
arcs or continents, occurring as slabs, blocks and slivers obducted onto the
subducting plate during collisions, The obducted complexes may be bits of

accretionary prisms which had developed prior to collision, or may be



preserved pieces of ophiolitic forearcs of overriding plates, or both, All
three tectonic settings occur in the Caribbean vegion. ¥or the purpcses at
hand, the important aspects of occurrences of ocean crust around the
Caribbean (Figure 6.2) are ilie age of formation (ophiolite generation), and
the timing of emplacement into their present tectonic settings.

The age of formation (magmatic crystallization) of ophiolites can be
determined by radiometric dating, and by faunal dating of the earliest
pelagic sediments of the ophiolite suite. In accretionary complexes, the
formation age of wultramafic-mafic rocks indicates the age or age-range of
the crust which has been subducted at that margin. Uplifted rocks within
compressional strike-slip systems may include ultramafics whose age may be
indicative of ophiolitic basement. Finally, formation ages of
ultramafic-mafics in collision zoﬂes may relate to either of two original
tectonic settings; either indicating the age or age-range of pieces clipped
from the subducting plate prior to collision, or indicating the age of the
forearc of the overriding plate.

The emplacement age of mafic and ultra-mafic complexes can define the
time of development of one or more of the three tectonic settings where
ultramafics are found. In all three settings, emplacement age, which is
always younger than formation age, can be constrained between the youngest
age of sediments overthrust by the ultramafic body (maximum age of
emplacement), and the age of the first post-orogenic sediments to onlap the
ultramafic body unconformably (minimum age of emplacement). Care must be
taken that the development of forearc successor basins during subduction are
not interpreted as post-orogenic sedimentation.

These simple relationships, however, often become more complex. For
example, development of accretionary complexes is time-progressive and often

long-lived relative to collision or formation of flower structures., Hence,
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wvhere ophiolife--besering accreticnary prisme had formed, ftwc ages of
emdlacement may be recognirzed: one during the subduction stage, and & second
during the collision, In northern Cuba, for example, commonly quoted
emplacement ages of Late Cretaceous and Eocene probably represent subduction
accretion and collision, resgspectively, Finally; if an accretionary terrane
which has been obducted during collision is then subjected to transform
motion, such as along the north coast of Hispaniola, yet a third period of
structural emplacement may be recognizable.

The various structural setting(s) and potential complexities of belts
containing bits of oceanic crust must be established in order to determine
the true significance of the ophiolite in question. Figure 6.2 identifies
mafic-ultramafic occurrences around the Caribbean. For each, Table 6.1
outlines the-age of formation and the age(s) of emplacement, and the
probable tectonic setting that it represents (tectonic significance), and

the mode(s) of emplacement.

Arc systems of the Caribbeans

Greater Antilles Arc: This arc consists of central and eastern Cuba

[Pardo, 1975], the Cayman Ridge [Perfit and Heezen, 1978], Cordilleras
Central [Bowin, 1966; 1975] and Oriental [Hernandez, 1980] of Hispaniola,
Puerto Rico [Donnelly and Rogers, 1980] and the Virgin Islands [Donnelly,
1966; Donnelly and Rogers, 1980]. Intra-arc spreading in Yucatan Basin
separated Cuba from Cayman Ridge [Gealey, 1980], and motion upon splays of
the Cayman Transform System have dissected the once continuous arc into its
present configuration [Pindell and Dewey, 1982]. Basement in Sierra

Guaniguanico of western Cuba, west of the Pinar Fault, appears to be



TABLE 6. L:

Name/location (keyed
to Figure 6.2), and
tectonic significance

1.

Central Cuba.
AorC

Formatlon aga

Pre--Albian

OCCURRENCES OF

Age and mode of

SEAFLOUR CRUST LN TiHE CARLBBEAN

Selected refarences
emplacaniant.

Wadge et al. 1984; Gealey 1980;
Mossakovskiy and Albear 1978; Soto 1978.

Paleoceia to
Mid-Eocene. E

2. Las Villas, Pre-Aptian Early ox Mid- Wadge et al. 1984; Thayer and Guild 1947;
Camzguey, Cuba. Eocene, E Mossakovskiy and Albear 1978; Pardo 1975;
A or C Flint et al. 1948; Meyerhoff and Hatten 1968.
3. Holguin, Cuba. Pre-Aptian Mid~Eocene. E Kozary 1968; Knipper and Cabrera 1974; Wadge
Aor C et al, 1984; Brezsnyansky and Korpas 1973,
4, Nipe-Purial, unknown Maestrichtian-— Boiteau and Michard 1976; Cobiella et al. 1977;
Cuba. A or C Paleocene, E? Cobiella 1978; Lweis and Straczek 1955; Wadge
et al., 1984; Boiteau et al. 1972.
5. Northern Pre-—Aptian Paleocene-Mid This study; Bourgois et al. 1980; Bowin and
Hispaniola. A or C Eocene, E. Post- Nagle 1980; Eberle et al. 1980; Wadge et al.
Mid Miocene, F. 1984; Nagle 1966. -
6. Central Hispaniola. Early Cretaceous Albian?, D. 0li~ Bowin 1960; Palmzr 1963; Haldemann et al. 1980;
B or C go-Miocene, F Draper and Lewis 1983; Theyer 1983.
7. Southern Turonian or Pre~Paleocene, D, Maurrasse et al. 1979; Mercler de Lepiney et
Hispaniola. B and C Campanian and Neogene, F al. 1979; Pindell et al. 1981.
8. Bermeja, Puerto Tithonian Pre-Turonian, -D. Mattson, 1973; Mattson and Pessagno 1979.
Rico. C
9. La Desirade, C, Late Jurassic- Pre-Eocene, D Mattinson et al. 1980; 1973; Briden et al.
see note 1. Early Cretaceous 1979; Fink 1970.
1U. Villa de Cura Hauterivian- Paleocene~- Gealey 1980; Maresch 1974; Stephan et al. 1980;
A Albian idocene, © ~Beck 1977; sSantamaria and bSchubert 1974, ’
11. Western Cord., Pre-Cenomanian Campanian to Barrero 1979; Shagam 1975; Irving 1975; Hender-
Colombia. C see Maestrichtian, D son 1979; Bourgoils et al. 1982; Moody 1980.
note 2.
12. Eastern Panama, Campanian Neogene E Case et al. 1971; Bandy and Casey 1973; Bandy
B 1970; Bourgois et al. 1982.
13. Nicoya, Santa Late Jurassic- Campanian to Bourgois et al. 1982; Azema and Tournon 1980;
Elena. C Late Cretaceous Paleogene, D de Boer 1979; Galli-Olivier 1979; Lundberg 1983;
. Gursky et al, 1983; Schmidt-Effing, 1979.
14. Santa Cruz, Late Valanginian- Campanian-Maestr- Willlams 1975; Rosenfeld 1981; Bertrand et al.
Guatemala. A Early Cenomanian ichtian, E. Ceno- 1978.
zoic, F.
15. Pacific margin, Pre-Cenomanian Paleocene, D Auboin et al. 1982.
DSDP Leg 84.. C
16. Blue Mountains, Campanian? Maestrichtian to Wadge et al. 1984; Wadge et al. 1982,
Jamaica. C Paleocene?. D
A Basement of forearc of associated Intra-oceanic arc.
B Basement of arc or local terrane.
C In accretionary terrane, clipped from downgoing plate at assoclated trench.
D Accreted to subduction complex by obduction.
L Arc/continent collision and forearc/accretionary priam obduction.
F Flower structure or diaplr in compressional strike-slip domain.

Note 1. Possibly basement of Lesser Antilles, initially accreted to Aves Ridge Arc.
Note 2. Cenozoic arc has developed upon the ophiolitic basement subsequent to 1its obduction/accretion.
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continental and is probably the (par)autochthonous mass with which the
inf.ra—oceanic arc collided in the Paleocene EFocene (ses chanters 3 and 8).

In Cuba and Hispaniola, subduction -related magmatism began in the Early
Cretaccous, increased during the Late Cretaceous, and ceased in the Middle
Eocene, In Puerto Rico and the Virgin Islands, magmatism started in the
latest Early Cretaceous or early Late Cretaceous and persisted into the Late
Focene (Puerto Rico) and Oligocene (Virgin Islands). However, the young
magmatism in the Virgin Islands may relate to subduction beneath the younger
Lesser Antilles arc (Figures 6.2, 6.3), rather than to subduction beneath
the Greater Antilles arc. The foundétion on which the Greater Antilles arc
was built seems to have been oceanic crust; the metamorphosed mafic Duarte
Formation of Hispaniola [Bowin, 1975] and the Domingo Belt of Cuba [Pardo,
1975] are probable examples of such basement.

The early polarity of the arc is unknown; the ultra-mafic bearing
Bermeja Complex of Puerto Rico may be oceanic crust accreted to the south
side prior to the Campanian [Mattson, 1973; Mattson and Pessagno, 1979j,
suggesting initially south-facing polarity. After the Sentonian or
Campanian, the arc was definitely north-facing, as indicated by the Late
Cretaceous to Eocene ultramaficubearing subduction complexes along the north
side of the arc [Case et al., 1984], which overthrust the early Paleogene

shelf carbonates of the Bahamas [Pardo, 1975; Wadge et al., 1982].

The Aves Ridge Arc: Included with the Aves Ridge are Saba Bank to the
north and, probably, La Blanquilla and Los Hermanos to the south (Figure
6.2). Dredging of this largely submarine ridge has produced granodioritic
rocks indicative of arc magmatism [Fox and Heezen, 1975]. Gravimetric and
seismic studies [Kearey, 1974] sﬁggest that the crustal structure of Aves
ridge is similar to that of an island arc.

Radiometric° age determinations on the dredged samples (Figure 6.3)
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yield Late Cretaceous through Early Eocene dates; Focene to Recent shallow--
and deep-water limestones form the bulk of the known sediment. Nothing is
known of a pre--Late Cretaceous arc: related history; it apnears as thcugh
subduction occurred only during the Late Cretaceous to Paleocene or Focene.
The slight eastward convexity of the ridge’'s geomorphology, and of the
magnetic expression of plutons of Aves Ridge [Speed and Westbrook, et al.,
19841, are the only indicators of arc polarity; it was probably east~facing,
forming an arcuate continuation of the Greater Antilles arc during Late
Cretaceous--Eocene time. No crustal break between the ridge and the
Venezuelan Basin to the west is indicated. The Aves Ridge 1is probably a
continuation of the crust of the Venezuelan Basin that has been intruded

with plutons.

The Lesser Antilles Arc: This arc comprises Anguilla to Grenada

(including Saba Island and the Limestone Caribbees — St. Eustace, etc.).
the ridge upon which the arc is built extends to Los Testigos and Margarita,
but those islands are far removed from the belt of modern Lesser Antillean
volcanism.

The beginning of magmatism in the present Lesser Antilles arc is
difficult to date., At least in the north, the arc has been built upon older
volcanic rocks which may have been associated with the pre-Eocene Aves Ridge
arc. Early Paleogene intra-arc spreading have have dissected the Aves Ridge
arc complex and created Grenada Basin; the Lesser Antilles frontal arc thus
may be underlain in places by older arc-related rocks. Subduction-related
arc magmatism has been continuous in the northern Lesser Antilles Arc since
the Eocene, whereas in the south it may have started only in the Oligocene
[Briden et al., 1979]. However, older plutons in the south may be buried.

The northern third of the arc is broader than the rest: east-west?

crustal extension during the Paleogene widened the Aves Ridge foundation in



the north [Nemec, 1980}, whereas backarc spreading in OCrcnada Basin
(discussed later) hes left a well-.defined trough o¢f presumably oceaaic
basement in the south, Also, the axis of magmatism moved some 50 km to the
west (Saba Island-Mountserrat island trcend) in the latest Miocene [Briden et
al., 1979]. The polarity of the Lesser Antilles arc 1is and always has been
east--facing; Barbados 1is a subaerially exposed portion of the Lesser
Antilles accretionary ridge, which has been forming at least since the
Eocene. Basic rocks of La Desirade appear to be a piece of oceanic crust
with isotopic ages of 149 to 85 Ma and Late Jurassic fauna [Mattinson et
al., 1980; Briden et al., 1979; Bouysse et al., 1983], either accreted to

the Lesser Antilles or uplifted from the forearc. Hence, these rocks are

not included in Figure 6.3.

The Leeward Antilles Arc: The islands of Los Monjes, Aruba, Curacao,
Bonaire, Aves, Los Roques and Orchila are high-standing parts of an
east-west offshore ridge that is cross-cut by northwest trending extensional
grabens [Silver et al., 1975; Case, 1974a; Biju-Duval et al,, 1983b].
Pre-Middle FEocene rocks consist of metamorphosed mafic and intcrmediate
igneous rocks suggestive of an island arc [Maresch, 1974; Beets et al.,
1984].

Radiometric age determinations on intermediate-composition plutons
range from 85 to 64 Ma (Figure 6.3), but the plutons apparently intrude a
basement of Early Cretaceous mafic rocks with K-Ar dates of 135 to 115 Ma
[Gonzalez et al., 1981; Santamaria and Schubert, 1974]. Both igneous series
have been related to island arc volcanism [Maresch, 1974], but the age and
petrological differences between the plutons and the older mafic rocks
suggest that a Late Cretaceous arc developed upon pre-existing Early
Cretaceous oceanic crust [Pindell and Dewey, 1982]. This suggestion is

further supported by sedimentological studies; the oldest known deposits are



deep--warer pelagics of Albian age from Curacac and Bonaive {Deets, 1975},
and volcanogenic sediments were not deposited until the laite Cietacecus.

The crigin and polarity c¢f this are are not clear; ar important
consideration is whether or not the Villa de Cura ultramafic.- and
blueschist—bearing klippe of the Lara Nappes [Stephan et al., 1980] in
northern Venezuela is part of the forearc of the Léeward Antilles arc, as
several authors have proposed [Maresch, 1974; Gealey, 1980; White and Burke,
1980]. The Lara Nappes were emplaced into a Paleogene £flysch trough
[Maresch, 1974]. This emplacemént age immediately follows the magmatic
termination and uplift of the arc; therefore, this history fits temporally
and geometrically with the scenario of a south-facing arc colliding with
continental crust of South America.

However, this is not the only possibilitya Paléogeographic
reconstructions retracting post-Middle Miocene fault-zone offsets within
northern South America (see Chapter 7) restore the offshore islands to the
west of, and nearly along striké of, the Lara Nappes, prior to the Late
Miocene. This brings into question the apparent arc-forearc relatiousiiyp,
and also whether the islands were adjacent to northern South America as
early as the Eocene. One alternative possibility is that the blocks
comprising the islands were progressively clipped off the southefn end of
the Aves Ridge magmatic arc and concomitantly accreted to the Venezuelan
margin during the FEocene to Miocene, as the Caribbean Plate migrated along
northern South America by more than 1000 km (see section on Cayman Trough).
If so, the supposed Paleogene coﬁpression that caused obduction of the Lara
Nappes need not have been of sufficient magnitude to have produced the
subduction-related magmatism of the offshore islands. In this case, the
polarity of the arc is that of the Aves Ridge, or east-facing (prior to

obduction and probable block rotation).



A second alternative, which is preferred here fto the others and
discussed further in the section on collision zones, is that both the
Leeward Antilles islands (arc) and the Lara Nappes (forearc) were

progressively obducted outo the  Venezuelan margin  throughout the
Eocene-Miocene interval, as a result of the progressive eastward migration
of the Caribbean Plate. This emplacement led to the reconstructed pre-Late
Miocene configuration of arc, forearc and continent presented in chapter 7).
In this case also, arc polarity is east- or southeast—facing prior to
obduction and rotation, and the arc/forearc complex is derived from crust of
the Caribbean Plate, rather than of the Atlantic Ocean.

The Costa Rica-Panama Arc: This intra-oceanic arc includes the Central
American Isthmus from northern Costa Rica (Santa Elena Peninsula) to the
western border of the Western Cordillera of Colombia, and forms the trailing
edge of the Caribbean Plate. The arc was built on Upper Jurassic(?) to Lower
Cretaceous oceanic crust since the Late Cretaceous; tuffs, shallow-water
limestones, and volcanogenic sandstones in Costa Rica suggest initiation of
subduction and associated uplift sometime during the Campanian [Lundberg,
1983: Galli-Olivier, 1979: Schmidt-Effing, 1979]. The arc's oldest
subduction-related plutons, in the Azuero Peninsula, have yielded
radiometric ages of 69 Ma [Kesler et al., 1977]. Paleogene, shallow-water
sediments are commmon from central Panama to southeast Costa Rica,
indicating a well-developed arc foundation by that time, but in ‘eastern
Panama deep-water sediments were deposited upon oceanic crust into the
Neogene [Bandy and Casey, 1973]. Accordingly, the eastern end of the arc is
less well developed than the rest.

To the northwest of Azuero Peninsula, the arc has been west-facing
since its inception; forearc development on the western margin (Nicoya

Complex) occurred in the Late Cretaceous [Lundberg, 1983; Galli-Olivier,
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anamanian portion of the arc has
reversed itg polarity from scutrh facing to north--facing; the arc's pressab
northward convexity is the restultt of sinistral displacements on several
throughgoing northwest trending faults crossing Panama [Case and Holcombe,
1980]. Seismic sections across the Panmanian foldbelt shew that the arc is
overriding the southwestern Colombian Basin [Lu and McMillen, 1983]. This
deformation presumably is due to east-west compression from collision
between eastern Panama and Colombia.

At present, and probably since the Eocene, the Costa Rica-Panama
magmatic arc is aligned with the subduction-related magmatic arc of the
Chortis block. These two arcs together comprise the Middle Americén arc

system,

The Chortis Arc of Nuclear Central America: This "Andean” arc was built

upon pre-Mesozoic continental crust and includes southern Guatemala (south
of Motagua Fault Zone), Honduras, part of northern Nicaragua, and extends
out the Nicaragua Rise an uncertain distance, probably to about the San
Andreas Trough (Figure 6.2; Christdfferson, [1963]; Case and Holcombe,
[1980]). The Chortis arc pre-dates, and is geographically distinct from, the
Eocene to Recent Middle American arc which extends through western Chortis
and Costa Rica to Panama.

Radiometrically determined ages and volcanogenic sedimentation suggest
that subduction-related magmatism had begun by the Late Jurassic (Figure
6.3). Most plutons yield Cretaceous and Paleocene ages, and arc magmatism
apparently ceased in all but the‘western portion of the arc in the Late
Paleocene. The Mesozoic and Paleocene plutons of the Chortis arc form a
poorly defined but generally east-west trending ovoid with no apparent age
progression,

The Cenozoic Middle American magmatic arc 1is superposed upon the



western part of the Chortis arc, and it appears as though the Middle
American arc developed after a southward shift in volcanism from the Chortis
Arc during the Early Eocene. The Costa RicawPanama Arc has formed the
southern half of the Central American Arc with no apparent major post-Eocene
structural offset, Therefore, the Chortis and Costa Rica=Panama arcs
apparently merged tectoniéally during the Paleogene. The boundary between
the two arcs may be through the ultramafics of the Santa Elena Peninsula
(strike-slip suture?), which aligns to the east with the Hess Escarpment, a
long, linear zone of crustal dislocation,

Polarity of the Chortis Arc is uncertain. One problem is the amount of
post-Eocene offset assumed across the Motagua-Cayman transform fault system
(estimates range from tens to 1400 km); polarity indicators such as
ophiolitic forearcs and accretionary wedges may be allochthonous or
missing. Suggested offsets of 200 to 850 km (e.g., White and Burke, [1980])
would juxtapose portions of the Chortis arc with possiblémforearc>remﬁants
that were thrust onto the southern Yucatan shelf of Guatemala (Santa Cruz
ophiolite and other ultra-mafic bodies [Rosenfeld, 1980; Case and Holcombe,
1980]. Such a relationship suggests north-facing polarity for the Chortis
Arc (south-dipping subduction beneath Chortis). Greater anﬂ, in our opinion,
more realistic estimates of Cayman offset since the Eocene (1100 km, Wadge
and Burke, [1983]) place the arc west of the Santa Cruz and related obducted
ophiolites and into the realm of the Mexican Cordillera. In this case, it is
likely that the arc was always southwest-facing (e.g., Pindell and Dewey
[1982]; Wadge and Burke [1983]; Duncan and Hargraves [19841]).

Nicaraguan Rise-Jamaica Arc: This arc includes Jamaica and the shallow

banks and intervening deeps of the eastern Nicaraguan Rise, and is bounded
on the north by the Cayman Trough. A morphologic boundary to the south is

poorly defined (Pedro Bank Fault?), as bathymetry grades erratically towards
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the Hess Escarpment along the Colombian Basin, The arc presently is aligned
with the Chortis arc, but earlier relationships are unknown. The arc is
probably intra-oceanic; in the Nicaraguan Rise, seismic velocities are
typical of oceanic crust, and pre-Cretaceous continental crust is apparently
absent there and in Jamaica [Arden, 1975; Perfit and Heezen, 1978].

Hence, a boundary may exist between this intra-oceanic arc and the
Chortis arc (founded on continental crust). This boundary probably occurs
at the faulted area bounding the edge of the Nicaraguan Shelf (about
latitude 81.5 West, including the San Andreas Trough; Christofferson [1983];
Case and Holcombe [1980]). The boundary may be tectonic (a zoné of plate
juxtaposition), or may represent only a difference in basement of a single
arc: continental in the west, oceanic in the east.

Basement in this arc is 1largely obscured, but  volcanogenic
sedimentation in Jamaica indicates that arc activity was underwéy by the
Early Cretaceous. On the Nicaraguanr Rise east of 8l1.5 W, the oldest
arc-related igneous rocks (recovered from drilling) are Paleocene or 1latest
Cretaceous [Arden, 1975]. Radiometric dating and stratigraphic studies
iﬁdicate that magmatism continued locally (e.g., Wagwater Trough, Jamaica)_
until the Eocene [Kashfi, 1983; Chubb and Burke, 1963; Meyerhoff and Kreig,
1977], but this magmatism may be due to rifting [Mann and Burke, 1984a]
rather than to subduction. The Nicaraguan Rise has no known pre-Paleocene
volcanic or sedimentary history, but the broad development of the Rise and
its apparent continuity between Jamaica and Chortis suggest that it too
comprises arc-related rocks which probably date back to the Early
Cretaceous.

The polarity of the Nicaraguan Rise-Jamaica arc 1is uncertain; no
obvious forearc or accretionary prism exists, although this may lie offshore

south of Pedro Bank. Perfit and Heezen [1978] viewed the Cayman Trough as a



I~
oy
&

former trench, but the Cayman Trough ds interpreted hera as a very long
post--Focene pull. .apart basin which has nothing to dec with indications of arc
polarity. Blueschists of the Blue Mountain Tnlier of eastern Jamaica formed
at a former treuch enviromment, and these lie to the south of, but adjacent
to, the Jamaican arc volcanics., This relationship may be taken to suggest
south--facing polarity for Jamaica [Draper, in press, 1985; Burke et al.,
1978). However, the faulting which led to the juxtaposition of the
blueschists and the arc volcanics is probably pre-Eocene, as the Tertiary
Yellow Limestone is far less deformed than the older rocks. This suggests
the possibility of pre-FEocene tectonic transport, possibly on a large scale,
of fault-bounded blocks and terranes, which could have obscured the original
relationships of tectonic environments to the point where they may now be
misleading.

If a forearc or prism lies to the south of the island it must be
located south of Pedro Bank as well, where arc plutons have been drilled
[Meyerhoff and Kreig, 1977]. If the arc was north-facing, its forearc and
prism, which are absent, must have heen removed by strike glip faulting
associated with opening of the Cayman Trough. Estimates of offset along the
Cayman Trough of 1000 to 1300 km [Wadge and Burke, 1983; Pindell and Dewey,
1982] would align the Nicaraguan Rise-Jamaica Arc directly with the Santa
Cruz ophiolite and related ultra-mafics of central Guatemala. Several of
these ultra-mafic bodies have been dissected and structurally reactivated by
Cenozoic shear along the Polochic and Motagua fault systems, but the Santa
Cruz has remained relatively intact and was 6 thrust northwards onto the
southern Yucatan continental shelf in the |Late Campanian-Maestichtian
[Rosenfeld, 1980; 1981; Williams, 1975]. Hence, Pindell and Dewey (1982)

considered these remnants of ophiolites as the original forearc of the

Nicaraguan Rise-Jamaica Arc, rather than of the Chortis Arc.



Itn this work, however, it is acknowledged that sinistral shear probably
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was important for the Maestrichtian--Focene interval as well as for the
post: Eocere, and that the total offset may be even greater than 1300 km
since the Maestrichtian collision. Thus, the Nicaragua Rise and Jam;c:ica9 ag
well as Chortis, probably lay to the west of the Motaguan collision zone,
placing the Chortis and Nicaragua Rise-Jamaica Arcs along the Mexican
Cordillera. In this case, both arcs were probably southwest facing through
time, The arc that collided with the southern Yucatan shelf, then, is
probably western Cuba or an extension of western Cuba.,

Arcs _along  northwest South America: Arc activity indicative of

subduction has occurred since at least Jurassic time within the Cordillera
Central of Colombia and the main Cordillera of Ecuador (Figure 6.3), whose
basements consist of a variety of pre=Mesozoic continental rock types
[Shagam, 1975]. Mesozoic and Cenozoic arc plutons are also located in the
Santa Marta block. The rocks of Santa Marta are very similar to those éf
Cordillera Central; basement may be continuous beneath the Lower Magdelena
Basin, but strike-slip faulting during the ?Late Cretaceous or Palecgene may
have offset the two. The existence of subduction over this 1long
time-interval provides an  important  plate-tectonic constraint on
evolutionary models for the Caribbean.

Arc plutonism and volcanism also has occurred within the Western
Cordillera of Colombia since the Late Cretaceous [Henderson, 1979], but
mainly during the Middle Cenozoic [Irving, 1975; Restrepo and Touissaint,
1977]. Basement of the Western Cordillera of Colombia and Ecuador is
Cretaceous oceanic crust [Barrero, 1979; Case et al., 1971] which was
accreted to the Cordillera Central in the Late Cretaceous [Mooney, 1980].
Basement accretion and initial arc-related igneous activity both took place

in the Campanian, making it difficult to determine whether the Western
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Cordillera was an arc prier %c¢ collision ov whether subduction simply
stepped oui ©to the west after the oceanic basement had been acereted to the
Cordillecra Central. The latter is favored hare, anc the probable cause of
accretion and subduciion =zone step-out was the choking of an east--dipping
subduction zone beneath Cordillera Central by abmormally thick and buoyant
Erust now seen in the Western Cordillera.

The magmatic arc has developed primarily upon continental crust of the
South American Precambrian craton, and has always been active to the east of
known or inferred subduction zones. Hence, the polarity of subduction has

been west--facing since the Jurassic.

Collision zones:

In this section, compressional deformation due to subduction, common
dand longlived throughout Caribbean evolution, 1is distinguished from
orogenesis caused by collisions of buoyant masses such as arcs, which are
relatively short-lived events at various times, At least five such
collisional events can be identified (Figure 6.2): the Greater Antilles arc
with the southern Bahamas Platform in the early Paleogene; the North
Venezuela Nappes with northern South America throughout the Tertiary; an
uncertain terrane possessing a volcanic source and an ophiolitic forearc
with the southern Yucatan block (Motagua suture zone) in the Late Campanian
and Maestrichtiang the Western Cordilleran oceanic complex with the
Cordillera Central (Romeral suture zone) in the Late Cretaceous; and the
eastern part of the Costa Rica-Panama Arc with the Western Cordillera since
the Middle Miocene (Atrato suture =zone). The brief review presented below

of the timing and the vergence (direction of motion and emplacement in the



oragenic zones) of each of thece collisiens

and temporal motions cof plarec curing Caribbean evolution.

Farly Paleogene Collisicn of Greater Antilles Arc with the Bahamas Platform:

The effects of thig collision are most pronounced in Cuba, where the
edge of the Bahamas Platform has been involved in thrusting with the
forearc. An uplifted subduction complex exists in northern Hispaniola
[Bowin and Nagle, 1980], but evidence for large-scale horizontal motions of
thrust sheets is lacking. Northern Puerto Rico has no evidence for
collision at all. These differences are due to large-offset strike-glip
motions associated with the opening of the Cayman Trough at an oblique angle
to the Greater Antilles arc since the Eocene (discussed later).

In northérn Cuba, three important tectonostratigraphic assemblages from
south to north are: 1) a mafic basement complex (probably forearc) with
primarily Cretaceous, but possibly Paleogene also, arc-related plutons, 2)
&n intermediate zone of Late Jurassic to Focene  deep-water  strata
(continental rise/slope, abyssal plain), and 3) a carbonate platform
(Bahamas) of Late Jurassic through Middle Eocene age [Pardo, 1975;
Mossakovskiy and Albear, 1978; Meyerhoff and Hatten, 1974]. The forearc was
thrust northward over the carbonate platform by as much as 90 km [Shein and
Kleshchev, 1977]. Olistostromes of Paleocene to Middle FEocene age formed
during this thrusting, which also included thrusting of ophiolitic nappes.

Allochthon and autochthon both were folded and were overlapped
unconformably by 1little-deformed Upper [Eocene and younger sediments.,
Left-lateral strike-slip faulting accompanied the folding [Shein and
Kleshchev, 1977]. The structure and stratigraphy suggest the following

sequence of tectonic events: as the north-facing Greater Antilles Arc (Cuban
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portion) approached the edge of the Rahamas Platform, the forcarc region

1

began o override first the carhonates—bank edge and then the bank itsslf.
Before compression ceased, the forearc was squeezed inte a north -vergeut
nappe, and subsequently foided and sinistrally tear  faulted. Late Focene
and younger sediment was deposited unconformably wupon thrusts of the
collision zone,

The major structural effects of the collision began in the Paleocene,
and development of the olistostromes and deposition of mafic/ultramafic
bearing flysch in the slope deposits continped into the Early ZEocene. The
termination of the «collision is constrained between the age of that flysch
and the age of the transgressive sediments above the post-orogenic
unconformity. Therefore, collision culminated in the Middle Eocene, an age
corroborated by the Middle Eocene termination of arc magmatism in Cuba.,
Further evidence for this age of collision comes from the subsidence of the
Bahamas Bank. In the Andros well +to the north of central Cuba,
Paleocene-Middle Eocene deposition occurred at rates 5 times faster than the
rates before and after this interval [Paulus, 1972]. It ic guggested that
the Andros area effectively represents the foredeep basin of the
Cuba-Bahamas collision.

The Cauto Basin (Figure 6.2) seems to be a fundamental structural break
along the strike of Cuba. To the west of Cauto Basin, the Bahamas Platform
is involved in the thrusting whereas to the east, obducted ophiolites and
melanges occur but the platform sediments apparently are not significantly
thrusted. This difference in response to the collision may be due to the
original shape of the arc or the Bahamas, or simply to differing degrees of
compression. |

In Hispaniola, the effects of collision are much diminished relative to

those in Cuba. The structure of the original arc-trench system is well



nresaerved: volecanie are (Cordillera Central), forearc basin (Cibao Basin,
basement of Cordillera Septentrional), and subduction complex (novth
coast). The FEocene colilision did not progress to the point where the
forearc complex way thrust onto the Bahamass Platform, nor did thrusting
propagate into the Platform itself at that time. The collision in
Hispaniola is marked by an Focene melange containing ophiolitic debris and
Cretaceous to Paleocene rocks [Bowin and'Naglep 1980] which is unconformably
overlain by relatively undeformed Late Eocene shallow-water sands (Luperon
Formation) along the north coast [Nagle, 1966, 1979; Bowin and Nagle, 1980].
Magmatic-arc volcanism geﬁerally ceased in Hispaniola in Middle Eocene time,
coeval with collision.

Seismic reflection and seismological studies, however, indicate that
Hispaniola has overthrust the Bahamas somewhat during the Neogene to Recent
[Austin, 1983; Bracey én& Vogt, 1970; Sykes et al., 1982]. This younger
development is due to post-Middle Miocene transform motion along the Oriente
Fault between Cuba and Hispaniola, which has resulted in transpressional
convergence between Hispaniola and the eastern Bahamas [Pindell and Devey,
1982]. Minor, Neogene alkalic volcanism has occurred in west-central
Hispaniola [Vespucci, 1980] which could relate to this convergence, but this
volcanism probably results from local extension accompanying sinistral shear
in the North Caribbean Plate Boundary Zone [Burke et al., 1980].

In Puerto Rico, a forearc region and subduction complex are not exposed
north of the arc. Consequently, the end of arc-continent convergence is
identifiable only by the marked Mid-to-Late Eocene unconformity'[Meyerhoff
et al., 1983; Glover, 1971] and by the termination of arc magmatism [Cox et
al., 1977]. Oligocene dates on granodiorifes and quartz diorites in the

Virgin Islands [Kesler and Sutter, 1979; Cox et al., 1977] may represent the

last gasp of Greater Antillean magmatism, or may relate to initial
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In summary, the colligion between the Greater Antilles and the Bahauay
Plarform occurved in the Lete Paisocene to Mid--Focene, and the Cuba poriion
of the arc shows the most dramatic evidence for the collision. Most thrusts
there are north vergent, which supports the concept of south-dipping
subduction of the Proto-Caribbean beneath the Greater Antilles Arc prior to
collision., There is no strong diachroneity of the time of collision along
strike, although the sinistral tear-faults in Cuba [Skvor, 1969; Case and
Holcombe, 1980] may indicate slightly oblique, eastward progressive

suturing.

An Uncertain Arc Terrane with Southern Yucatan (Motagua zone):

This Late Cretaceous collision occurred between a volcanic arc
possessing an ophiolitic forearc, and the continental crust and carbonate
shelf of southern Yucatan (Figure 6.2). During the Late Campanian to
Maestrichtian, the Neocomian tc Santcnian carbonate shelf (Campur and Chemal
Formations, Vinson [1962]) was depressed and buried by up to 2500 meters of
turbiditic flysch from a southern source (Sepur Formation, Rosenfeld
[1981]). This flysch is an argillaceous foredeep facies which extends from
the Mexican/Ghatemalan border to the Caribbéan°

The Early Cretaceous Santa Cruz ophiolite was thrust northward onto the
Sepur foredeep ([Williams, 1975; Rosenfeld, 1980; 1981]. Overlying the
ophiolite are deep-water sediments of the Aptian-Albian (and possibly
younger @s well) Tzumuy Formation [Rosenfeld, 1980], which grade from
tuffaceous pelagics to increasingly coarse and proximal turbidites with
volcanic debris of andesitic composition and ash. These sediments suggest a

volcanic arc as the source area. The timing of emplacement of the
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ophiolite, dating the cellision, is Campanian sud Maestrichtian; the
ophiolite wes inivtially thrust onto Campanian Sepur scdiments, and the Scpur
depocenter migrated northwar@ during the Maestrichiian, presumably as thrust
loading progressed. Subsecuently, uplift and large-scale transform motion
has occurred along the Polochic and Motagua faults [Burkart, 1983].

Because of the uncertainty of the amount of Cenozoic offset along the
Cayman Trough and Polochic-Motagua transform, the identity of the piece that
collided with southern Yucatan is not clear. The sediments derived from the
unknown terrane 1indicate that it was a volcanic arc of intermediate
composition. Because southern Yucatan was a stable shelf up to the time of
collision, the vergence of the collision was northwards, that is, subduction
prior to collision was south-dipping, in accordance with the emplacement of
the Santa Cruz. Assuming the Santa Cruz is the remnant of an ophiolitic
forearc, one can speculate that thg colliding mass was an intra--oceanic arc
rather than an Andean-type arc; few Andean arcs possess ophiolitic slabs as
forearcs. If one accepts more than 1000 km of east-west opening along the
Cayman Trcough [Pindcll and Dewey, 1982; Wadge and Burke, 1983], a possibie
candidate for the colliding mass 1is the Nicaragua Rise-Jamaica arc.
However, as pointed out earlier, sinistral shear probably occurred prior to,
as well as during, the opening of the Trough. Hence, western Cuba is a

possible candidate as well,

North Venezuelan Nappes with Northern Venezuela:

The northern margin of South America from Guajira to Trinidad has been
overthrust from the north or northwest during Cenozoic time (Lara Suture of
Figure 6.2). The thrust sheets comprise mainly Cretaceous to Paleogene

variously metamorphosed volcanics, ultra-mafics and volcanogenic sands and



shales, with minor limestones. These rocks collectively form an assemhlage
typically associated with accretionary wedges at subduction zones. Rocks
deposited in shallow-water of the Venezuelan shelf are  sometimes
incorporated irto the thrusting as well, The assemblage crops out 1in
northern Guajira and Paraguana [MacDonald, 1964 Lockwood, 1965:
Martin-Belizzia and Arozena, 1972; Case et al., 1984}, but in Falcon Basin
they predominantly 1ie‘in the sub-surface (except along the basin's southern
margin at Siquisique and Aroa-Mision) beneath a 6 km sedimentary section
[Muessig, 1984; Bellizzia et al., 1972]. In the Caribbean Mountain system of
north-central Venezuela these rocks comprise the Lara Nappe of metasediments
and the Villa de Cura Klippe of predominantly blueschist-facies mafic
metavolcanics, metasediments and ultra-mafics; metamorphism is medial to
Late Cretaceous in age [Stephan et al., 1980; Maresch, 1974; Gealey, 1980;
Beets et al., 1984]. Similar assemblages of rocks occur in the Arraya-Paria
Peninsula, Margarita, and in the Coastal Ranges of northern Trinidad
[Vierbuchen, 1984; Speed, 1985]. Generally, it appears that an arc terrane
with a well-developed forearc and accretionary complex collided with
northern South America.

Two major questions, however, plague the understanding of this margin's
development, and both must be considered before the apparent arc-continent
collision can be properly interpreted. First, "How much deformation has
occurred to northern South America during the Late Miocene to Recent Andean
Orogeny?" Second, "When exactly were the thrust sheets of oceanic rocks
emplaced onto the Venezuelan continental margin, and was this a diachronous
process?” The first question is fully considered in chapters 1 and 7; it
appears that the entire northwest corner of South America has migrated to
the northeast by about 290 km over the last 9 million years. The 9 Ma

paleogeographic reconstruction of northern South America (Figure 7.2) is



assumed here to quantify and to retract the effects of this defviweiion.
Ansvering the second question is more difficult; assessing the timing

ag

of collision for any cclligion zone is difficult because of the potential
geometric  and volumetric complexities resulting from thrusting. 0f
particular importance is discerning the sediments of the accretionary wedge,
and their deformation during subduction, from the foredeep sediments and the
deformation resulting from the actual emplacement of the accretionary wedge
upon the margin. In the case of northern South Ameriéa7 this is very
difficult because both the accretionary wedge and the foredeep basin are
composed of similar terrigenous sediments.

The best evidence for the timing of collision should come from the
subsidence history of the autochthon, or the Venezuelan shelf to the south
of the thrust sheets. The initiation of subsidence in the Maracaibo area is
Paleocene~Lower Eocene [Zambrano et al., 1972]; subsidence south of the
Venezuelan Mountain system (Piedmont Province of Beck [1978]) is
Oligocene?-Miocene [Beck, 1978]; initiation of subsidence in the East
Venezuelan Basin is Mioccene Pliocene [I. Rodriguez, pers; Comm., 1985;
Vierbuchen, 1984]. Thus it appears that the emplacement of the north
Venezuelan Nappes was diachronous to the east. Much of the Paleocene-Lower
Eocene flysch commonly referred to as the foredeep facies in front of the
entiré thrust belt (such as the Piemontine Nappe of central Venezuela [Beck,
1978]) was probably accreted at the accretionary complex from the floor of
the Proto-Caribbean during the Eocene in the the subduction stage, prior to
the actual emplacement onto the margin.

Assuming the Caribbean Plate has migrated eastwards with respect to
North and South America since the Eocene, interactions between the Caribbean

and northern South America should be diachronous to the east. In a later

section (Development of the South Caribbean Plate Boundary Zone), the



positions of the Caribbear Plate relative teo South America arc cstimated.
It is shown that close correlation exists betweer the probable position of
the leading edge of the Caribbean Plate and the emplacement age of the North
Venezuelan Nappes, at various points along the margin. Hence, it 1is
suggested that the North Venezuelan Nappes were emplaced progressively
during the Cenozoic as a result of a compressional component of the
predominanitly transcurrent relative motion which has exceeded 1000 km since
the Eocene, Iteratively, this emplacement history provides an indirect check
on‘the predicted motion history of the Caribbean Plate relative to South
America., This model is in contrast to to the interpretations of some
previous geologic-kinematic Caribbean evolutionary models [White and Burke,
1980; Pindell and Dewey, 1982] which attributed nappe emplacement to Late
Cretaceous-Paleogene convergence between North and South America, rather.
than to interaction with the Caribbean Plate.

The arc complex that collided with northern South America is difficult
‘to identify with certainty because of the large amounts of strike-slip
offset. However; the Teeward Antilles probably form at least a part of the
arc complex, particularly to the west of Golfo de Triste. The 9 Ma
reconstruction (Figure 7.2) places the Leeward islands west of Golfo de
Triste, along strike with a few calc-alkaline plutons of the Coast Ranges of
the Venezuelan Mountain system. The Paleocene-Early Eocene collision to the
west of Golfo de Triste matches~the Paleocene termination of plutonism in
the Leeward Antilles (Figure 6.3). The plutons of the Venezuelan Coast
Ranges may be an eastward extension of the Leeward Antilles arc; if so,
their younger age (Eocene, [Maresch, 1974]) may also testify to the
diachronous nature of the collision,

Assuming that the diachronous collision was related to interaction

between the Caribbean and South American Plates, the Leeward Antilles arc



probably represents a poriion of the Caribbean Platc., As shown later iu a
more completa model for the developmerni: of the northern South America, the
Leeward Antilles Arc (and its forearc and accretionary wedge) was probably a
socthern extension of the Aves Ridge Arc, which was progressively clipped
off and accreted to northern South America during the Cenozoic. The
metamorphic rocks of the Lara Nappes that were obducted onto the Venezuelan
margin were metamorphosed during the accretionary prism stage during
subduction of the Proto--Caribbean, prior to their Cenozoic emplacement. The
apparent geochemical affinity between the basalts defining seismic horizon
B" of the Caribbean Plate and the tholeiitic units (basement) of the Leeward
Antilles [Donnelly, in press, 1985] is further evidence for this model of

arc-continent collision.

llera Cential, Colowbia and

]
[« %
=)
e

Western Cordillera/San Jacinto Belt with Co

Ecuador (Romeral Suture):

In Colombjia and Ecuador, the Romeral Suturc (Figure 6.2), a major fault
zone along which occur ultramafics, melanges and blueschists, separates two
distinct geological provinces [Case et al., 1971]. To the east occur
Precambrian through Cenozoic continental rocks of Cordillera Central and the
Santa Marta Massif. Directly to the west, the Western Cordillera and San
Jacinto Belt consist of Cretaceous oceanic crust, Late Cretaceoﬁs through
Paleogene highly-deformed, deep-water sediments, and Cenozoic magmafic rocks
[Case et al., 1971; Case and MacDonald,/ 1973; Irving, 1975; Duque-Caro,
1979; 1984]. Oceanic basement does not actually crop out in the San Jacinto
Belt, but it is inferred from gravity studies to exist at depth along strike
of the Western Cordillera. Structural and facies relations indicate that the

Western Cordillera and San Jacinto terranes were accreted to Cordillera
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Central during Late Cretaceous-Paleogene time; suturing was completed by the
Eocene, and may have been diachronous towards the north. The most intenss
deformation (subduction zone choking) seems to have occurred during the Late
Cretaceous in southeri Colombia and Ecuador [Henderson, 1979]. In contrast,
deformation climaxed in the FEocene +to the north in the San Jacinto Belt
[Duque - Caro, 1979; 1984]. The predominantly Cenozoic (mostly Oligocene)
magmatism within the  Western  Cordillera post-dates the suturing to
Cordillera Central.

The Western Cordillera'’s brief history as an island arc, therefére,
bears no relationship to subduction geometries prior to its Late Cretaceous
accretion. Composite faults along the Romeral dip to the east, and the only
significant subduction-related magmatism prior to collision occurred in the
Cordillera Central/Santa Marta Arc, These considerations  suggest
east-dipping subduction at the site of the Romeral Suture prior to
accretion.

It appears as though accretion resulted from a non-subductable area of
oceanic crust arriving at and choking the Cordillera Central subduction zone
during Late Cretaceous-Paleogene time. Subduction then stepped outboard of
the Western Cordillera for the remainder of the Cenozoic. It has been
suggested [Duque-Caro, 1979] that oceanic crust in the San Jacinto/Western
Cordillera belt is related to the abnormally thick crust of the Caribbean
Plate (basaltic extrusives, seismic horizon B", atop oceanic crust). If the
Caribbean Plate is of Pacific provenance [Malfait and Dinkelman, 1972), the
Western Cordillera could be an accreted remnant that was emplaced durin% the
Plate's entrance into the gap between the Americs.

After the development of a new east-dipping subduétion zone to the
west, the Western Cordillera became a logical site for subduction--related

magmatism through the Cenozoic., It did not evolve as an axis of plutonism,



179

however, until the Oligocene. Figure 2.1 notes that the rate of
Farallon--North America convergence, and therefore very nearly the rate of
Farallon-South America convergence, dropped from 140 to 75 mm/yr at the end
of the Eocene, If it is accépted that convergence rate controls the dip of
the Benioff Zone, then a cause—-and-effect relationship may exist between the
slowing of subduction and the westward shift of the axis of northwestern
South American volcanism (steepening of Benioff Zone). Conversely, the
Miocene return of volcanism to the Cordillera Central may have resulted from
the subduction of the more buoyant crust of the eastern part of the Panama
Arc (see below), and the young crust which has been created at the Galapagos
Ridge spreading center since the Early Miocene only tKlitgord and

Mammerickx, 1982].

Fastern Panama with Western Colombia:

Supposition of a collision between the eastern.part of the Costa
Rica-~Panama Arc and the Western Cordillera of Colombia arises from
consideration of Cenozoic plate motions and modern plate boundaries in the
area, If the Caribbean Plate, with Costa Rica-Panama forming its western
edge, has moved eastward with respect to South America, the southwestern
portion of the Caribbean must have converged with South America. Hundreds of
kilometers of relative motion implies that the Costa-Rica-Panama Arc was
formerly distant from Colombia and, therefore, that the two have collided at
some time during the period of migration,

However, a suture between the Western Cordillera and the Panama Arc has
not yet been clearly recognised in the field. Despite this, the Atrato-San
Juan Basin (Figure 6.2) is a strong candidate for the predicted suture [Case

et -al., 1971]. First, structural and lithologic trends continue from eastern
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Panama into the Servania de Baudo, which defines the western flank of the
basin., The Atrato-Rio San Juan Valley separatcs this basement high from the
Western Cordillera. Second, a strong relatively negative gravity anomaly
with steep gradients characterizes the basin, which is filled with 5 to 10
km of sediments that are moderately to complexly folded [Case et al., 1971].
Finally, post-—Eocene sediment accretion has occurred along strike to the
north in the Sinu Belt, and 1is due to subduction of, and sediment
offscraping from, the Colombian Basin beneath northern Colombia [Duque-Caro,
1979; 1984]. In so much as the Costa Rica-Panama Arc is viewed as the
trailing edge of the Caribbean Plate, which comprises both the Colombian
Basin and Panama, it appears that collision has yet to occur in the Sinu
Belt. Hence, the collision appears to be northward progressive, and is
presently occurring in the area of Golfo de Uraba.

Collision appears to have begun in the Miocene (Middle?), as suggested
indirectly Sy 1) uplift of the Panamanian forearc in Middle to Late Miocene
[Béndy and Casey, 1973; Bandy, 1970], 2) uplift of the Serrania de Baudo in
the Miocene [Bourgois et al., 1982], 3) the Miocene plate-boundary
reorganization within the Nazca Plate off western Colombia [Lonsdale and
Klitgord, 1978], 4) the regional hiatus of Late Miocene age in the Atrato
Basin [Duque Caro, 1972; 1984], 5) Laté Miocene tectonic instability in
northwest Colombia that changed the drainage course of the Magdalena River
[Duque-Caro, 1979], 6) divergence of planktonic species in the Pacific and
Caribbean in the early Pliocene [Keigwin, 1978], and 7) major faunal
exchénge between North and South America during the Plio-Pleistocene [Webb,
1976]. This collision is the primary cause of the Andean Orogeny in
northwest South America (see Shagam [1975]; and Irving [1975], for reviews),
and has triggered the Late Miocene to Recent northeastward mobilization of

Andean Cordilleran Terranes (chapter 7).
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Accompanying this colligion is the northward escape of blocks «
eastern part of the Panama Arc along north to northwest trending sinistral
faults [Case and Holcombe, 1980]. This has given the arc its northward
convexity, The body of the arc itself has been obducted onto the Colombian
Basin. Seismic studies trace the Colombian Basin underriding the Panamanian
Foldbelt of recently accreted sediment [Lu and McMillen, 1983]. In essence,
it appears as though the eastern portion of the arc is reversing polarity in
its attempt to resist subduction at the Atrato-San Juan suture. The
collision began with the impingement of the eastern end of the south-facing
Costa Rica-Panama Arc (Serrania de Baudo) into the Sinu Trench (subduction
beneath Western Cordillera) approximately at Buenaventura. Cessation of
subduction at the now-buried, east-trending Panama Trench [Lowrie, 1978]
caused northward migration of blocks of the eastern portion of the arc along
the sinistral transcurrent faults. Motion of the eastern arc with respect
to thé Western Cordillera has remained essentially convergent, as it too has
a northward component of motion with respect to the Colombian Basin (chapter

7).

Paleogeographic significance of the Yucatan Basin, Grenada Basin, Cayman

Trough:

The Yucatan and Grenada Basins and the Cayman Trough (Figure 6.2) are
the only oceanic portions of the Caribbean region that are not remnants of
Cretaceous ocean crust of Pacific provenance. These basins have opened to
accommodate geometric imperfections of the Caribbean Plate's Cenozoic
migration between the Americas. The Grenada and Yucatan Basins are probably
back-arc basins, whereas the Cayman Trough 1is probably a very long

pull-apart basin. All three provide critical input to the deduction of



Caribbean evolution.

Yucatan Basin:

The Yucatan Basin usually has been considered (1) Mesozoic ocean crust
formed due to radial separation of the Chortis Block from the Yucatan
Peninsula [Dillon and Vedder, 1973], (2) a piece of Cretaceous ocean crust
rafted in from the Pacific [White and Burke, 1980], or (3) an intra-arc
basin fromed by separation between Cuba and the Cayman Ridge dﬁring the
Paleogene [Gealey, 1980]. Seismic reflection and heat-flow data, and
age—depth relationships, suggest an Eariy Paleogene (55-65 Ma) age for a
seafloor spreading origin [Rosencrantz et al., in press], consistent with
Gealey's [1980] intra-arc spreading origin. Seafloor spreading related

magnetic anomalies trend northeast, suggesting northwest-southeast directed

'épreading [Hall and Yeung, i980]; however, identification of anomalies is
suspect.,

For thte Yucatan Basin to be an intra-arc basin between Cuba and the
Cayman éidge, Cuba must have migrated north-northeastward along the eastern
Yucatan margin. However, this trend is discordant with the trend of opening
suggested by magnetic anomalies. This discordance suggests that plate
motions occurred between three plates; North America, the Caribbean, and
Cuba. A model which satisfies the geometric and age requirements for the
basin is shown in Figure 6.4. It 1is concluded that the Caribbean Plate
(Cayman Ridge) migrated about 377 km east-northeast with respect to North
America during the period of Yucatan Basin formation. This accords with the
concept of the Caribbean Plate entering the North America-South America gap

during the Late Cretaceous through Eocene.
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Figure 6.4. Magnetic anomaly lineations in Yucatan Basin, after Hall and
Yeung [1980]. In the three-plate system of North America, Cuba and the
Caribbean (Cayman Ridge), Cuba migrated, witli respeci to North America,
from point A to point B, as defined by the trend and length of the
eastern Yucatan sheared margin., The Cayman Ridge migrated, with
respect to Cuba, from point B to point C, as defined by the
perpendicular to the mean trend of the magnetic anomalies and the width
of the basin. Completing the vector triaungle from point 4 to point C
gives the motion of the Caribbean with respect to North America during
the period of back-arc spreading in the basin (Maestrichtian to
Mid-Eocene, 15-20 My), assuming no subduction has occurred at any
margins of the basin. Vector triangle in lower right defines trends
and magnitudes of these apparent motions. Pinar fault in western Cuba
separates the Cuban arc (or forearc) to the east from continental crust
of the northeastern Yucatan block to the west,



The Grenada Basin:

This basin (Figure. 6.2) separates the Lesser Antilles and Aves Ridge
arcs. In the south, basement lies beneath 4000 m of quite undisturbed
sediment. [Biju-Duval et al., 1978] and is probably oceanic. In the north,
however, a block-faulted basement is indicated on seismic lines which is
composed of Cretaceous arc-related volcanics [Nemec, 1980]. This basement
extends to the east and forms the basement of the northern Lesser Antilles.
The block faulting is primarily Paleocene or Early Eocene [Nemec, 1980].
Likewise, heataflbw measurements in the deeper southern portion of Grenada
Basin (G. Westbrook, pers. comm., 1984) suggest a Paleocene-Eocene age for
the formation of oceanic crust., Thus, it is assumed that the Grenada Basin
formed during the Paleocene to Early Eocene interval, The Paleocene-Early
Eocene is also when pldtonism ceased in the Aves Ridge Arc and began in the
Lesser Antilles Arc (Figure 6,3). Hencc, it sppears as though the Grenada
Basin 1is a Paleocene-Early Eocene back-arc basin which formed within the
Late Cretaceous-Paleocene Aves Ridge Arc.

A simple east-west extensional origin for the basin 1is possible
[Tomblin, 1975; Pindell and Dewey, 1982], but north-south trending magnetic
anomalies or fractures have not been identified. On the contrary, magnetic
lineations radiate generally ~east-west across the basin (G. Westbrook,
bersu comm,, 1984). If these are, in fact, seafloor spreading anomalies, an
oblique opening for the basin is indicated.

Several other indirect 1lines of evidence also suggest an oblique
opening for the Basin., First, a very steep and straight scarp defines the
southeastern margin of Aves Ridge [Case and Holcombe, 1980]. The scarp
appears more like a transform scarp than a rifted margin. Second, a
positive gravity anomaly axis occurs along the eastern scarp of the

Limestone Caribbees of northern Lesser Antilles [Tomblin, 1975]. As with



southeastern Aves Ridge; this scarp is alsc bathymctrically defined.
Further, the island of la Desirade aligns with this scarp, on which is found
Jurassic pillow basalts and radiolarites which may represent oceanic crust
[Mattinson et al., 1980]. The close proximity of La Desirade to the Lesser
Antilles volcanic axis makes it wunlikely for La Desirade to have been
accreted to the arc; the accretionary complex 1lies about 100 km to the
east., It is possible that the La Desirade and southeastern Aves Ridge
scarps are remnants of transform faults which were connected by a short
ridge segment in the southern Grenada Basin. Seafloor spreading in the-
basin, and dextral' motion on thé faﬁlts, could have opened the basin by
north-south extension, as recorded by the magnetic anomalies in the basin.
Figure 6.5 outlines a model for such an oblique opening. In addition
to the geometric arguments above, this model is made more attractive by two
further lines of reasoning. FirstgAIf the Caribbean Plate entered the North
America~-South America gap in a northeast direction from the Pacific region
during the Late Cretaceous-Eocene, then the eastern portion of the leading
edge of the plate must have subjected to aextral shear, which 1is a
requirement for the proposed model. Second, the model suggests that a
significant portion of the original Aves Ridge and its forearc should have
progressively protruded southwards as result of the opening of the Grenada
Basin. There is geochemical affiliation between the basement of the Leeward
Antilles Arc offshore northern Venezuela and the crust of the Caribbean
Plate [Donneliy, in press, 1985]. It is suggested, as outlined in more
detail later, that this southern protrusion of arc and forearc has become
the Leeward Antilles arc and the Lara Nappes (including the Villa de Cura
forearc) of northern Venezuela. Emplacement of thé nappes resulted from a
compressional component of many hundreds of km of dextral shear-between the

Caribbean and South American Plates since the Paleocene.
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Figure 6.5. Proposed model of formation for Grenada Basin, based upon
recently defined magnetic anomaly trends (G. Westbrook, pers. comm.,
1984). A: pre-opening phase (Late Cretaceous), dextral obligue
subduction of Proto=Caribbean (Atlantic) crust induces shear stress and
mobilization of the eastern Aves Ridge arc and subduction complex. B:
opening of Grenada Basin led to progressive protrusion to the south of
southeastern Aves Ridge arc and forearc, which would become accreted to
northern South America (Leeward Antilles and the Lara Nappe (see Figure
6.7) from Paleocene through Pliocene [Stephan et al., 1980]}. Opening of
Grenada Basin was probably completed by the end of the Eocene. La
Desirade and the southeast Aves lineaments are remnants of transforms.
C: Extensional adjustments in the north during the Eocene-?0ligocene
[Nemec, 1980] allowed a restraightening of the Caribbean-Atlantic
trench interface, as it 1is today beneath the accretionary complex
[Speed and Westbrook et al., 1984]. Youngness of volcanism in the
south, relative to that in the north (see arc section, above), is due
to a lag in subduction as the Lesser Antilles forearc remained
essentially fixed to the South American plate during the opening of the
Grenada Basin.
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The Cayman 1roughs

This long, deep basin (100 by 1400 km) forms the North
America-Caribbean plate boundary in the northwest Caribbean [Perfit and
Heezen, 1978; Syges et al., 1982]. Much of the basin is floored by oceanic
crust produced at the north-trending Mid-Cayman Spreading Center, a short
mid-ocean ridge segment that links the sinistral Swan and Oriente transform
faults (Figure 602); The amount of oceanic crust which has been created at
the Mid-Cayman Spreading Center defines the minimum relative motion between
the Caribbean and North American Plates since seafloor spreading began;
hence, the Cayman Trough is critical in unraveling the plate-tectonic
history of the Caribbean.

Wadge and Burke [1983] reviewed the evidence from the Cayman Trough and
concluded that it begaﬂ to form (deep-water sediméntation accompanied by
strike-slip motions in the northern Caribbean) in the Oligocene. However,
the plate boundary configurations responsible for its origin are not
definitive; seafloor spreading anomalies parallel to the Mid-Cayman
Spreading Center [MacDonald and Holcombe, 1978] only indicate an offset of
284 km; anomalies further from the spreading center ‘have not been
identified. Debate focuses upon whether the remainder of the Trough has
formed by spreading at the Mid-Cayman Spreading Center or by another
mechanism such as north-south extension.

Estimates of east-west offset across the Trough range from 180 km,
based on displacement of similar metamorphic belts (subduction complex and
arcj of Cuba and Hispaniola [Meyerhoff, 1966], to 1400 km, based on the
assumption that the entire bathymetric expression of the trough is due to

spreading at the Mid-Cayman Spreading Center [Sykes et al., 1982; Macdonald,



1974]., However, it is unlikely that total offset could be as much as 1400
km; that portion with depths typical of true oceanic crust is only 980 k.
The western and eastern ends of the Trough (420 km) are floored by
block--fauited, probably arc-related baéement (as shown by dredgihg; Perfit
and Heezen [1978]), which has subsided to abyssal depths. Although
extensional, these areas cannot be related directly to relative motion
between the North America and Caribbean plates. Given that large amounts of
subsidence arise from small amounts of extension in arc terranes due to a
large crust to lithospere thickness ratio [Cooper, 1983], it is estimated
that only 70 to 100 km of basement extension during an initial stage of
Trough formation is sufficient to have produced the subsided, yet
non-oceanic, ends of the Trough. Hence, if one accepts the pull-apart model
of formation, total extension across Cayman Trough is between 1050 and 1100
km,

Macdonald and Holcombe [1978] identified magnetic anomalies flaﬁking
the Mid-Cayman ridge axis which indicate at least 284 km of spreading since
the Late Miocene (anomaly 4°), although the spreading rate has decreased
from 4 cm/yr to 2 cm/yr over the last 2.4 Ma. Based upon the fact that
seismicity (sinistral strike-slip motion) occurs today along the southeast
margin of the Trough, Sykes et al. [1982] suggested that Caribbean-North
America relative motion continues to the present at 4 cm/yr by motion
occurring at both the spreading center and along the southeast margin.
Anomalies beyond anomaly 4' have not been identified in the Trough, but
basement lineations attributable to east-west seafloor spreading suggest an
offset of at least 560 km [Holcombe and Sharman, 1983]. Because these
estimates of Late Miocene to Recent. relative motion far exceed Meyerhoff's
[1966] 180 km offset of the Cuban and Hispaniolan metamorphic belts (arc and

subduction complexes), alignment of the metamorphic belts does not constrain
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the total east-west offset across the Cayman Trough [Pindell and Dewcy,
1982]. Much of the motion must have occurred along faults which pass south
of the Cordillera Central arc of Hispaniola.

Furthermore, motion between Cuba and Hispaniola along the Oriente Fault
probably has occurred only since the Middle Miocene (see chapter &),
Oligocene-Middle Miocene transcurrent motion along the Cayman Trough,
therefore, apparently bypassed the Hispaniolan arc to the south. Farther
west, Oligocene-Middle Miocene relative motion probably occurred occurred
along bounding faults of the early Cayman Trough, just as it has since the
Late Miocene; no other similarly oriented fault systems are apparent. Thus,
the transcurrent offset and crust generated by seafloor spreading over the
last 8.3 Ma (about 284 km) or 15 Ma (560 km) probably represent only a
portion of the total,

The Cayman Trough'’s initiation as a deep-water depocenter accompanied
with strike-slip deformations by the Early Oligocene [Wadge and Burke,-1983]
is an important piece of evidence indicating Oligocene eastward migration of
the Caribbean Plate relative to North America. However, the beginning of
subduction-related magmatism in the Lesser Antilles Arc is Late Eocene (see
Figure 6.3), and evidence of strike-slip faulting within the- Greater
Antilles indicates initiation as early as Middle or Late Eocene. The "Eocene
Tectonic Belt"” of west-central Puerto Rico 1is composed of fault-bounded
blocks of Late Cretaceous limestone and Eocene "flysch” and volcanics which
was severely sheared during the Eocene, prior to the Late Eocene? and
Oligocene [Barabas, 1983; J. Joyce, pers. comm., 1985]. Similarly, Eocene
flysch sequences along the northern margin of the San Juan Valley of central
Dominican Republic were deformed possibly at a restraining bend of a
transform system during the Middle to Late Eocene [J. Dolan, pers. comm.,

1985].
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In 1light of 1) Oligocene deep-water sedimentation in portions of Cayman
Trough, 2) east-west Caribbean-North America relative motion since the
Eocene, 3) the alignment of Cuban and Hispaniolan metamorphic belts bearing
no constraint upon total offset across the Trough, 4) the position of
Mid- Cayman Spreading Center half-way between the ends of the Trough, and 5)
no other apparent mode of formation for the Trough, it 1is concluded that
seafloor spreading at the Mid-Cayman Spreading Center has produced the
entire oceanic portion of the trough., Hence, the Cayman Trough may be
considered as an. exceptionally extended pull-apart basin which records a
sinistral offset of 1050-1100 km between the Caribbean and North American
Plates since the end of the Early Oligocene, but additional sinistral
relative motion is indicated for the Middle or Late Eocene  from other
sources.,

This interpretation is especially important in regard to the evolution
of the Caribbean. The entire concept of the Caribbean Plate originating
within the Pacific realm and entering the North America-South America gap
prior to the Eocene is dependent upon this conclusion. If smaller estimates
of offset are assumed (e.g., <800 km), an in situ formation of the Caribbean

Plate is required.

Caribbean Plate Boundary Zones:

The Middle Eocene separates two phases of development in the northern
and southern Caribbean: 1) an Early Cretaceous-Early Eocene phase of arc
volcanism and compressional tectonism which culminated in orogeny iin both
the north and south, and 2) a subsequent phase of predominantly transcurrent
faulting associated with more than 1000 km of eastward migration of the

Caribbean Plate relative to the Americas., The latter phase has produced
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complicated northern and southern plate boundary =zones (PBZs) with
anastomozing faults and diffuse seismicity [Burke et 2l., 1980]. Jn this
section, the locations of faults, and the timing of movement wupon them,

pertaining to this migration are defined.

Northern Caribbean PBZ:

In the north, the Cayman Trough suggests a minimum of 1050 km of
transcurrent hotion; this 1is well-defined in the Trough itself, whose
eastern end lies directly south of Sierra Maestra of eastern Cuba. However,
continuations of composite splays to the east of the Trough must be inferred
from geologic relationships in and around Hispaniola and Puerto Rico. In
addition to offset due to Cayman Trough spreading, the seismically active
southeast margin of the Trough, continuing through Jamaica and into, and
along, the southern peninsula of Hispaniola, has been the site of up to 48
additional km of transcurrent motion during the last 2.4 Ma [Sykes et al.,
1982; Mann et al., 1984},

Presently, the Oriente Fault between Cuba and Hispaniola is the active
transform which connects the Mid-Cayman Spreading Center with the Lesser
Antilles subduction Zone, although the Oriente splays into the Bahamas
Channel, Camu, and Septentrional faults in northern Hispaniola. Meyerhoff
[1966] derived a Cuba-Hispaniola offset of 180 km by realigning the
metamorphic belts, Figure 6.6 shows a realignment of the Cuban and
Hispaniolan segments of the arc, forearc, and subduction complex, which
suggests 400 km of cumulative offset along fault splays to the north of
Cordillera Central-Massif du Nord of Hispaniola. The difference arises from
recognition of sinistral offsets along the Tabera, Camu, and Septentrional

faults. Collectively, restoring these offsets. produces a geometry of
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Figure 6.6, Three-stage development of the northern Caribbean PBZ, showing
probable primary locations of transcurrent offset. A: Mid-Eocene time,
immediately following Greater Antilles-Bahamas collision  (suture
zone)., Magmatic arc (plutons) and subduction complex (ultramafics) are
realigned, except for Paleocene-Middle Eocene dislocation of the arc
across Cauto Basin (hinge of opening for Yucatan intra-arc basin).
Guantanamo-Cibao forearc basin is inferred. Paleogene tectonic setting
of the Eastern Cordillera and Septentrional basements are unclear.
Transcurrent motion along the Los Pozos-San Juan fault system separated
Puerto Rico (P.R.) from Hispaniola by about 300 km during Eocene-Early
Miocene, and juxtaposed the San Juan block (SJB) with the Massif du
Nord-Cordillera Central (C.C.) of Hispaniola. Offscraped sediments at
this transcurrent zone have accumulated in the Sierra de Ocoa in
southern Dominican Republic, The Bermeja area of Puerto Rico may have
been displaced an uncertain distance along the "Eocene Tectonic Belt"

- of Puerto Rico. B: Early Miocene time. Transcurrent offset began on
Neiba-Proto Muertos Trough-Anegada system, which dislocated the Aves
Ridge, Virgin Islands and Puerto Rico, and juxtaposed the southern
block of Hispaniola with the previously accreted San Juan block (SJB).

Separation of Puerto Rico from Dominican Republic is responsible for
development of the Arecibo Basin along northern Puerto Rico. C:
Late-Middle to Late Miocene. Juxtaposition of southern block nearly
completed, and primary zone of transcurrent motion jumped to the
Oriente-North Hispaniolan system. General north-south compression
across the Caribbean since the Late Miocene (see chapter 7) put the
Neiba, San Juan and Proto Muertos Trough fault systems into
compression, and they have become overthrust to the south, In the
Pliocene, northeastern Hispaniola converged upon and overthrust the
southern flank of Silver Bank, producing the Hispaniolan restraining
bend. Motions have since occurred along the Septentrional, Camu and
Enriquillo-Plantain Garden (EPGF) faults, as well as offshore in the
north, The Septentrional and Camu are young faults that bypass the
restraining bend, straightening out the migration path of the Caribbean
Plate past the Bahamas. Probable sinistral faulting along the Mona
Passage has allowed Puerto Rico to migrate north with respect to
Hispaniola after having passed the Bahamas constriction. The Puerto
Rico Trench is essentially a compressional transform [Schell and Tarr,
1978] that developed primarily in Late Miocene to Recent time [Monroe,
1968]. Metamorphics dredged in the trench relate to the pre-Late Eocene .
phase of subduction prior to the collison with the Bahamas.



tectonic provinces for northern Hispanjola that fits better with Cuba. Tf
400 km of motion have occurred in the north, fault systems responsihle for
the remaining 650 km of the Cayman Trough's indicated offset must pass to
the south of the arc complex of Hispaniola.

Southwestern Hispaniola consists of three physiographic highs separated
by two intervening lows which are Neogene sedimentary basins (Figure 4.3).
The Late Miocene to Recent history of these terranes is predominantly that
of north-south compression [Biju-Duval et al., 1983a; Bourgois et al.,
1979a,b]. The northern block (Cordillera Central-Massif du Nord-Massif du
Nord'ouest) has overthrust the San Juan-Plateau Central basin to the south.
The middle physiographic high (Sierra Neiba-Chain des Matheaux-Ile de 1la
Gonave) has overthrust the Cul de Sac-Enriquillo Basin. The relationship of
the Cul de Sac-Enriquillo Basin to the southern high of Sierra Bahoruco and
Massif de la Selle is poorly known. Little evidence exists in these areas
for large-scale transcurrent offsets since the Middle Miocené9 although
minor strike-slip faults such as the Plantain Garden-Enriquillo fault [Mann
et al., 1984] do occur. Hence, large-offset transcurrent motions (totalling
650 km) fhat splayed from the Cayman Trough through southwestern Hispaniola
are probably resticted to the Oligocene through Middle Miocene interval
(about 3 cm/yr, if motion was continuous).

If an Oligocene to Middle Miocene strike-slip phase preceded the Late
Miocene to Recent southward vergent overthrusting phase, then the thrusting
probably nucleated upon the pre-existing transcurrent fault zones. Thus,
the southern hanging walls of the overthrusting complexes may preserve
evidence of the former strike-slip phase, as well as evidence constraining
the timing of thrust .initiation. Conversely, the northern flanks. of the
intervening basins have been overthrust, thereby obscuring any record there

of strikefslip deformation. Following this logic, the northern San Juan



Boundary Fanlt and the ﬁorthern boundary of Enriquillo.-Cul de Sac Dasin ave
the likely locations to find evidence for large -scale strike-slip offset.

Along the south flank of Cordillera Central and Massif du Nord, the Los
Pozos-San Juan boundary fault zone sepérates two distinct terranes. To the
north . lie metamorphosed Cretaceous to Paleogene arc-related rocks and
volcanogenic sands of the Cordillera Central and Massif du Nord, and to the
south lie Paleogene deep-~water micrites, silts and slates which possess
little arc derived volcanic debris [Michael, 1979; Bowin, 1975]. Only in
Sierra de Ocoa in the southeast of the San Juan Basin does one find the
Eocene-0ligocene volcaniclastic and conglomeratic - facies expected to have
been deposited along the length of the arc complex during and following Late
Paleocene-Eocene orogensis [Biju-Duval et al., 1983a; Bourgois et al.,
1979b; Dolan, in prep., 1985]. Not until the Early Miocene did significant
amounts of terrigenous sand enter the San Juan Basin [Michael, 1979]. This
suggests that the basin had arrived in juxtéposition with the arc terrane by
that time, although the basin probably continued to migrate along thé length
of the arc wunitl the Middle Miocene. On sedimentologic grounds, the facies
discrepancy across the Los Pozos-San Juan Boundary Fault Zone suggests that
at least 350 km of transcurrent motion has brought the floor of San Juan
Basin 1into its present position from the west, as measured from western
Sierra Ocoa to the tip of the northwest peninsula of Haiti, which itself was
a source of volcanogenic sediment in the Paleogene. Structural studies along
the fault [Michael, 1979] acknowledge the existence of a strike-slip
component of offset, but the magnitude is unknown. The Late Miocene(?) to
Recent section along the -northern San Juan Basin margin is relatively
undeformed in comparison to the older sediments deposited before and during
the strike-slip phase.

Along the southern margin of Sierra Neiba, evidence for large-scale
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strike-slip motion has not been reported. However, the maximum age for the
initiation of thrusting is Upper Miocene (Lower Tortonian, ahout 11 Ma;
Bourgois et al., [1979a]), as indicated by FEocene rocks thrust onto
Tortonian rockso To the south of Sierra Neiba, the Fondo Negro Basin, an
exposed part of Enriquillo Basin, was filled predominantly during Late
Miocene-Pliocene time, in accordance with southward-directed thrusting in
Sierra Neiba [Cooper, 1983]. The difference between the minimum of 350 km
offset along the Los Pozos-San Juan fault and the total of 650 km that
passed through southern Hispaniola may have occurred along Sierra
Neiba-Chaine des Matheaux-Ile de 1la Gonave, before it overthrust the
Enriquillo-Cul de Sac Basin in Late Miocene time, Before this
overthrusting, the Plateau Central-San Juan Basin and the Cul de
Sac-Enriquillo Basin may have been one and the same.

Both the Los Pozos-San Juan Fault and the southward limit of thrusting
in the Sierra Neiba-Matheaux-Ile de 1la Gonave thrust “Belt have logical
bathymetric continuations into the northeast corner of Cayman Trough [Case
and Holcombe, 1980]. These probable former transcurrent fault zones are now
draped with Neogene sediﬁent, attesting to their dormancy and/or evolution
into thrust zones [E. Rosencrantz, pers.comm., 1983].

In Figure 6.6, Puerto Rico is shown along the southeast flank of
Dominican Republic in the Eocene (similar to the reconstruction of Sykes et
al., [1982]). This reconstruction, which restores about 300 km of offset
between Hispaniola and Puerto Rico, aligns the Late Cretaceous-Paleogene
volcanic axes of the two islands, and places the Bermeja ultramafic complex
on the south side of the arc, where it probably was accreted from the south
prior to the Late Cretaceous.

The eastward continuation of the San Juan Fault system probably had two

splays. A minor splay may have passed through the "Eocene Tectonic Belt" of
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Puerto Rico, thereby trarnslaning if 300 km esstward from dtg dnicisl
posiition, The sum of ihe offsets agrees well with the suggesited minimum
offsen fou the Saw Juan faulin systew. The easiward extension of the Sierva
Neiba f{fault system, therefore, must have passed south of Pucrto Rico,
probably along a proto Muertos Trench transform system that has become
compressional with southward vergence like Sierra Neiba [Biju-Duval et al.,
1983a]. Further east, this fault probably passed through the sinistral
Anegada Passage [Murphy and McCann, 1979] to the Lesser Antilles Trench.,

In the Middle Miocene, transcurrent motion shifted from faults 1in
southern Hispaniola to the Oriente Fault and related splays in northern
Hispaniola (see chapter 4). The 400 km offset from Cuba could have occﬁrred
in the last 11.2 million years, given the spreading history of Cayman Trough
[MacDonald and Holcombe, 1978] and extrapolating the 4 cm/yr spreading rate
beyond the 8.3 Ma, for which magnetic anomalies have been identified.
However, thrusting in Sierra Neiba is Tortonian or younger; the shift to the
north therefore may have been gradual. with strike-slip motion occurring
both at Sierra Neiba and the Oriente Fault during the late Middle Miocene.
An age of 15 Ma seems reasonable for initial strike-slip separation of
Hispaniola and Cuba, which matches the age 6f folding and unconformity in

northern Hispaniola (chapter &),

Southern Caribbean PBZ:

The southern Caribbean plate boundary =zone 1is complex and poorly
understood. Thrusting, transcurrent motions, and rifting have been
important to 1its evolution throughout the Cenozoic. In a previous section

(collision =zones), a case was made for the progressive, diachronous



emplacement of the North Venezuelan Nappes onto the Venezuelan margin gince
the Paleocene, in close association with the eastward advance of the
Caribbean Plate. Begirning with a paleogeogravnic reconstruiction of northeirn
South America which accounted for the late Miocene to Recent fault offsets
(chapter /), it was suggested that the North Venezuelan nappes were emplaced
in the Maracaibo area during the Paleocene~Early FEocene, in the Central
Venezuelan Mountain System area (Lara Nappes) in the Oligocene?-Miocene, and
in the East Venezuelan Basin area in the Late Miocene:-Pliocene,

In addition to the emplacement history of the North Venezuelan Nappes,
the following points must be recognized by a model for development of the
northern Venezuelan margin, First, eastward-dipping subduction of the
Caribbean Plate has occurred at the Sinu Trench of western Colombia since
the Paleocene~Eocene [Duque-Caro, 1979; 1984]. Second, Oligocene subsidence
within the Falcon Basin, and possibly the Bonaire Basin too, was caused by
dextral strike-slip motions and attendant pull-apart basin development
[Biju-Duval et al., 1983b; Muessig, 1984]. The total east-west offset across
the Falcon due to bullaapart opening is unknown. However, the occurrence cf
Paleogene metamorbhosed sediments beneath an Oligo-Miocene sedimentary
section of only 6 km that is intruded by alkaline, rather than tholeiitic,
basalts [Muessig, 1984] suggests an origin by continental stretching with
beta values of about 2 [Dewey, 1982]. Greater degrees of extension are
typically associated with the intrusion of tholeiitic basalts. Therefore,
dextral offset across the 200 km-long Falcon Basin is probably about half
the basin's length, or about 100 km. Third, the Late Miocene to Recent
‘Andean Orogeny has mobilized several blocks in the Venezuelan Borderlands,
primarily by stike-slip motions along intervening faults. This deformation
is treated in detail in chapter 7 rather than here, but the primary

indication of that treatment is that the Andean Terranes and the Borderlands
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have migrated northeast by 290 km. The northward component of this motion
is about 170 km, which is the amount by which the Borderlands have been
obducted onto the Caribbean Plate to the west of La Blanquilla.

A crude model for the development of the south Caribbean PBZ which
incorporates these considerations is outlined in Figure 6.7. The approximate
position of the Caribbean Plate with respect to South America is shown in
each reconstruction, as estimated from completing the vector circuit at each
time for NOAM/CARIB and NOAM/SOAM. The NOAM/CARIB offsets are inferred from
the Cayman Trough's opening history and interpolated within the following
schedule of NOAM/CARIB relative motion rates: 0 to 10 Ma, 40 mm/yr; 10 Ma to
20 Ma, 30 mm/yr; 20 Ma to 36 Ma, 25 mm/yr. Integration of these rates over
the last 36 Ma yields a total offset for the Cayman Trough of 1100 km. The
SOAM/NOAM offsets are derived from Figure 2.5,

This. model 1is highly speculative, but it is the first attempt to
incorporate all of the points mentioned above and to acknowledge the
flexural history of the Venezuelan foreland. Refinement of the model could
come from palinspastic restoration of the thrust belts, and assessment of
internal shear and block rotations. Existing paleomagnetic studies indicate
that certain blocks within the southerﬁ PBZ have been rotated clockwise in
association with dextral shear [Hargraves and Skerlec, 1980; Skerlec and
Hargraves, .1980; Maze, 1984; Maze and Hargraves, 1984; Hargraves et al.,
1984]. In general, the model recognizes these rotations. However, more work
with specific tests in mind may further the understanding of shear tectonics

as well as the southern Caribbean's evolution.
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Figsre 0.7/, Sequeniial Cenozcic development of rorthers South Awmerica,
described further in text. A: opening of Grenada Basin by north.-south
back erc spreading. Arc system along cordilleran Colowbia fed clastics
to a major drainage basin which emptied into the Maracaibo basin area,
which was depressed by the advancing thrust sheets of the leading edge
of the Caribbean Plate. Turbiditic flows continued far to the north.
Vector triangle shows approximate relative plate motions. B: Eastward
migration of the Caribbean Plate accreted the turbiditic flows to the
already metamorphosed accretionary complex (Lara Nappes and Villa de
Cura Complex). Continued motion progressively emplaced the accretionary
complex onto the Venezuelan margin, C: Progressive southeastward
emplacement of nappes may have been accommodated by general simple
shear within the nappes complex. D: beginning of Andean Orogeny in the
west mobilized blocks of the Cordilleran terrane, The Leeward Antilles
islands were obducted onto the Caribbean Plate by perhaps 170 km (see
chapter 7). E: in latest Pliocene, the Cariaco Basin started to form at
a releasing bend; the basin records a dextral strike-slip offset of
about 100 km since that time. '



CHAPTER 7

NEGCGENE BLOCK TECTONICS OF NORTHERN SOUTH AMERICA
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NFOGENE BLOCK TECTONICS OF NORTHERN SOUTH AMERICA:

Introduction;

Sincé the early Late Miocene, much deformation has occurred within
northern South America. This has led to the development of a South Caribbean
plate boundary zone from the Gulf of Guayaquil to Trinidad, a wide zone of
poorly defined seismicity, shear, extension and compression related to
interactions between South America and the, vrelatively, eastward migrating
Caribbean Plate. Generally, rocks within the plate boundary =zone have
migrated northeast and east with respect to South America as indicated by
seismic studies [Pennington, 1981] and dextral offsets on many faults [Rod,
1956]. Because of the geological and topographical complexity of the zone,
however, the dffsets upon many of the fault zones have escaped direct
asscessment, Scme of these offsets are indivectly assessed heie, Dby
completing the vector sums of relative motions between plates, platelets of
the Caribbean and continental blocks within the plate boundary zone, all
with respect to a stable South America (Guyana Shield). Possible tectonic
rotations of blocks about vertical poles as suggested by paleomagnetism
[Skerlec and Hargraves, 1980] are ignored because the rotations cannot be
constrained to the Neogene, and because a clear understanding of these

rotations has not yet emerged.

Timing:

Quantifying the northeastward migration of blocks within the Andean and
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Venezuelan Cordilleran terranes from Guayaquil to Trinidad is achieved by
construction of several velocity triangles between the blocks in question.
Alternavively, if an age can be established for the initial moticn along the
faults separating the biocks aund platelets, we need only construct vector
triangles of fault offsefis since that time,

For the present purposes, an initiation age of 9 Ma is assumed for
several reasons. First, magnetic anomaly 5 has an age of 9 Ma and the North
America--South America relative motion can be deduced by measuring the
difference between the relative positions of these continents at anomaly 5
and the Present., Second, Caribbean-North American offset for the last 8.3
million years has occurred across the Cayman Trough at a rate of 40 mm per
year [MacDonald and Holcombe, 1978; Sykes et al., 1982], and very little
error is involved in extrapolating the 40 mm/yr total spreading rate to 9
Ma, Third, and most important, is that the primary features of the southern
Caribbean plate boundary =zone, which collectively comprise the deformation
with which we are concerned, have developed within this period, In the
east, the opening of the Cariaco Basin (pull-apart) by motion on associated
dextral strike-slip faults (E1 Pilar and Moron) has occurred primarily
during the Pleistocene [Schubert, 1982]. To the west, the uplift of the
Cordillera Central, Oriental, Occidental, Perija and Merida of Colombia and
western Venezuela is well constrained to the Late Miocene and Pliocene (the
last 9 to 10 million vyears). Structural and depositional studies indicate
uplift, large-scale thrusting and strike-slip faulting, coarsening of
terrigenous sediment, and general emergence during that time [Irving, 1975;
Bourgois et al., 1982; Duque Caro, 1972; Campbell, 1968]. Furthermore,
paleobathymetric studies of facies and fauna ([Bandy and Casey, 1973;
Keigwin, 1978] indicate coeval shallowing of the Panama Basin and eventual

emergence of the Panamanian Isthmus. The cause of this uplift and
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deformatiern {2, most likely, the prosresaive collision af rhe Panema  are

with wvestern Colombiz [Pindell and Dewey, 19825 Uadge ard Burke, 19837,

and
the attempied subducticn of young, buoyant crust producad at the Galopagos

Spreading Center, which includes the Carnegie and Cocos aseismic ridges,

Construction of the vector triangle diagrams

With trhese considerations in mind, a vector triangle diagram for blocks
of the southern Caribbean plate boundary zone may be constructed (Figure
7.1). Each block of the system is portrayed in Figure 7.1 as a point, with
pairs of points being connected by tie lines representing the fault zones
between the represented blocks. The trends of the tie lines (fault zones)
are measured directly from geologic maps, and their lengths are defined by
the amount of offset, where known, along each over the last 9 million
years. Only those fault zones with proved offsets greater than 50 km have
been used,

Roth the trend and magnitude of relative motion of NoAm/SoAm and of
NoAm/Colombian Basin for the 1last 9 million years are known fairly well,
However, small circles defining the Cayman Trough and the North
America/Colombian Basin relative motion [Jordan, 1975] cross cut the Puerto
Rico Trench in such a way that one would expect extension, However, the
Puerto Rico Trench is a transform fault with a compressional component
[Schell and Tarr, 1978]. Furthermore, an unknown amount of convergence at
the Muertos Trough [Ladd and Watkins, 1978] suggests even greater disparity
between the trends of Cayman Trough small <circles and North
America/Venezuelan Basin relative motion, It appears that the Venezuelan
Basin is behaving independently of the Colombian Basin. Seismic studies

[Sykes et al., 1982] indicate present overthrusting by the northern Lesser
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/ol ctow Swiangle ccans soowing trend and megnitucde of welative
faats between bilocks of northern Soutn Amevics and Ceribbezn vegion,
1 g methods of construction outlined in text., Where neccessary,
e iines are chords to smelil circies of plate motions in the northern
outh American area. a) Assuming no compression in the Mevida Andes.
b) Assuming nc dextval shesr in basins sepaveting Paraguana s&nd
Aruba Orchila isiands, ) Preferred vector triangle diagram using
values and Girends interpolated between the end members of a and c.
Offset valves in km; underlined values from published sources (below),
others inferred from +triangle construction, Orly published values
greater than 50 km are used, with an assumed east:west extension within
Neogene basins sepavaiing Paraguana and Aruba--Roques islands of 50 km.

Dashed line in (a) which connects Central Cordillera block to Secuth
America-Maracaibo tie--line is net compressional component in the Andean
Cordillera, largely witnessed in Eastern Andean Overthrust. Sources: El
Pilar, Schubert [1982]; Oca, Tschanz et al, [1974]; Santa Marta,
Tschanz et al, [1974], Campbell [1968]; Cayman system, MacDonald and
Holcombe [1978], Sykes et al. [1982]; Barracuda and related fractures,
rhanter 7¢ Roauee Canwvon = Caca and Holeceombe 110801 ond  dnforred

offset, "



Anvilles across fthe finor of fthe Avignric at N/OE, This ovend 2 e

poriherly then that of the Prezro RFco Tecnch, and noy dndirste coustdergblc
undexirhvusting av the Meertos Uvoush, ov may wvepresent o2ty a vecently
T emrn e g RN g : S I S A Y e oo 1 L em ey e 2eed ol A - KN

dave,opoc divecrion of Atlaviic/Venewueien Basin verative motiou. AZsuming

ai everage trend of relarive motici tetween WNorth America and the Veanszuela
Besin over the last © miliicn years that is approximately pevallel to the

Puerto Rico Trench (N83E), a North America/Venezuelan Basin tie line may be
corstructed wvhose trend differs from the North America/Colombian Basin tie
line, The 1likeiy location for relative motion between the Colombian and
Venezuelan Basins is the Beata Ridge. A tie line constructed from the point
representing the Colombian Basin that is parallel to the Beata Ridge
intersects the North America/Venezuelan Basin tie 1line at a point which
theoretically defines the magnitudes of both the Puerto Rico Trench and
Beata Ridge offsets over the 1last 9 Ma. By triangle completion with the
North America/South America tie line, a South America/Venezuelan Basin tie
line may be drawn that defines the trend (092) and magnitude (445 kﬁ) of the
South America/Venezuelan Basin nffger, This motion cceurrcd on  ithe  Sdn
Sebastian off northern Venezuela, although, to the east and west, the motion
has been spread across a number of faults, such as the El1 Pilar and the
fault along the northern margin of the Arraya-Paria Peninsula [Case and
Holcombe, 1980], whose component motions are of lesser magnitude.

An Orchila/Venezuelan Basin tie line may be constructed with the trend
of Los Roques Canyon, which is defined on Case and Holcombe [1980] as a
probable zone of dextral shear with questionable magnitude between the two,
It is suggested that the magnitude of the offset is 170 km as measured from
the northern margin of the Cariaco Basin (eastward continuation of the San

Sebastian fault and southern edge of the Caribbean Plate proper) to the

northern edge of the Orchila shelf, which is the distance by which the



0%

Venezuelan Rovdeviands have overthrusted the Cerihbhean DPiate, This is
supporied hy eetsmic linss [Lodd cnd Waskins. 1678; fadd o i, 1o puape;
Silwer =i 2l,, 1973] which trace the Cavibbean crust dippieg beneath the
seoietlonery  complex  dust novth  ¢f  the dslands, snd also by the lerge

negative gravity ancmaly to the north of the dislands [Bewin, 1976

Furthermore, Neogene sediments are highly deformed to the west of Los Roques
Canyon whereas to the east they are not [Silver et al,, 1975].

At this point, further vector triangle construction may logically
follow two different paths, depending upon the amount of shortening that has
accompanied transcurrent motions within the Merida Andes. Method one is to
assume 00 compression so that the present trend of the range is the
direction of <transcurrent motion (Figure 7.,1a), and method two leaves the
trend of relative motion as an unknown, so that the amount of compression
may be deduced from vector triangle construction (Figure 7.1b). In both
methods, an internal extension of 50 km is qssumed within the basins between
Paraguana and the Aruba-Orchila islands, based upon their number, size and
post-late Miocene sedimentary thickncsses [Feo-Codecido, 1671; Silver et
al., 1975; Edgar et. al., 1971]. In method one, a South America/Maracaibo
block tie line of unknown length is drawn with the present trend of the
Bocono-Merida system, and a line with the trend of the Roques Canyon tie
line is extended beyond the Orchila-Roques block. The eastward displacement
of the Orchila-Roques block with respect to the Maracaibo block must equal
the sum of the offset upon the Oca Fault and the inter-island basin
extension; hence, a tie line with a length of this sum and the trend of the
Oca, is drawn in its singular position from the Merida tie line to the
Roques Can?on tie line, Figure 7.la shows that this tie line does not align
with the point already defined for the Orchila—-Roques block., Therefore, a

dextral component of 48 km is inferred to have accompanied the extension



within the inter -igland basins, Hethod Lwou censtyructs the
fmcmmypam e ¥ N B PR P Tl A2 Ll . S AN Solnsy eyetaamn el pveqm ] o A ol B
Maraceibo/Orchila Rogres vie  line direciiy west fvom the previously defiued

Orchila -Roques pcint, theveby eliminating the dextral shear dimplied by

method one. Its western ead, therefore, defiﬁes the position of ithe
Maraczibo block, and construction of & South America/Maracaibo tie line
defines +the offset of Maracaibo block relative to South America., The
transcurrent and compressional components within the Merida--Bocono system
may then be deduced by measuring the difference between this constructed
trend and the actual trend of the present day system, as shown in Figure
7.1b,

Once the main frameworks have been created, hypothetical tic lines may
be drawn between any pair of ©points in either diagram to obtain the
approximate trend and magnitude of the relative motion between the
represented pair of blocks. For example, a tie line drawn from the
Colombian Basin to the Maracaibo block defines the amount and trend of
subduction during the 1last 9 Ma beneath the latter, The predicted average
convergence trend over the last © Ma of N&4W accords reasonably with the
present convergence trend of N50W plus or minus 10 {[Kellogg and Bonini,
1982]. Alternatively, the components of motion between blocks, i.e.
transcurrent, extension and compression, may be approximated in other cases
by comparing the constructed tie lines defining relative motion and the
actual trends of the faults wupon which the motion has occurred. This was
done- in  method two (Figure 7.lb) to obtain the transcurrent and
compressional components of the Merida system., Similarly, the compressional
component of the Eastern Andes Overthrust can be determined by construction
of a line normal to the Merida tie 1line and intersecting the Central
Cordillera block (Figures 7.la,b,c). Sinistral motion along the Santa Marta

Fault and dextral motion along the Merida Andes has allowed the Maracaibo



block to escape much of the compression seen in the Colombian Andes,

Dextral slin within the five basins seperating the Poreguana  Peningulie
and the Aruba Orchiles islands is postulared due to thelzr residence in the
southern Caribbean dextfal shear zone, which argues in favor ot method onc.
However, a compressive component within the Merida Andes is well known
[Shagam, 1975}, Thus, we suggest that the beét vector triangle diagram for
the southern Caribbean plate boundary zone is one that falls about half way
between the end member constructions of methods one and two, which 1is
depicted in Figure 7.,1c, Figure 7.2, which depicts the pre—Andean
paleogeography of the blocks in question, has been constructed from values

and trends of Figure 7.lc.

Discussion:

The primary implication of this semi-quantitative analysis is that the
Cordilleran Terrane of Ecuador, Colombia and western Venezuela has migrated
about 290 km +to the northeast with respect te a stable cratenic South
America in the last 9 million years., Dextral offsets of 250 meters have
been measured upon Quaternary sediments along the Bocono Fault [Giegengack
et al., 1976)], and 33 km can be measured at a dextral offsef of Rio Bocono
[Rod, 1956], but no total transcurrent offset within the Merida Andes, of
which the Bocono is only a presently active, relatively minor fault, has
been postulated before. Studies of relative motions between South America
and the oceanic plates offshore to the north and west should recognize the
independent motion of this platelet.

Figure 7.3 outlines the complex interactions between the blocks of
northern South America and the Caribbean Plate during the northeastward

migration of the Cordilleran terrane. Simply put, the leading edge of the
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Figure 7.2. Pre-Andean ( 9 m.y.b.p.) plate reconstruction of blocks
comprising northern South America, removing offsets, relative to South
America, defined in  figure 7.lc., Shorelines of Panama and
Sino-—-Atlantico Basins dashed because they are Pliocene-Recent
daoitions. Frupoused reconscruction produces a straight, continuous
limit of pre-Late Miocene thrusting and metamorphism, and aligns Late
Cretaceous arc related plutons of Aruba-Orchila islands with those of
-onshore eastern Venezuela, although the 1latter may be anatectic in
origin, Thrust sheets include sporadic remains of ophiolitic
fragieniis, 4s siown. Because Blanquiila presently lies east of Roques
Canyon fault zone, it is considered part of Aves Ridge that hasn't
collided with northern South America. No break between Margarita and
the Lesser Antilles is indicated by geophysical data [Weeks et al.,
1971]. Rocks similar to those on Margarita may form basement of the
southern end of Lesser Antilles arc. Ophiolite fragments in Margarita
may have been tectonically extruded during the more than 1200 km of
shearing between Caribbean and South American plates prior to the plate
boundary's jump to El Pilar Fault Zone in Pleistocene time. The Late
Cretaceous plutons of Tobago at the leading edge of Caribbean Plate
indicate that a "Tobago block” has been obducted at some point during
migration of the Caribbean Plate (G. Westbrook, personal communication,
1984) . The vector triangle at the Gulf of Guayaquil defines strike-slip
and compressional components of the Cordilleran block relative to
Guyana Shield. Inset: Present outline of South America, defining blocks
and fault zones used in this anallysis. Heavy line defines pre--Andean
(pre 9 Ma) continental shape.
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Figure 7.3. Schematic evolution of northern South America over the 1last 9
million vyears. A, B and C are, respectively, paleogeographic
reconstructions at 9 Ma (pre-Andean), 3 Ma (pre-Cariaco Basin/El Pilar
fault development), and Present. Reconstructed offsets in A are from
figure 7.1c, those in B are interpolated between A and C.
Caribbean/South America transform in A 1is the =zone of incipient
subduction, the site from which the Venezuelan , Borderlands have been
thrust onto the Caribbean Plate in Neogene time. Strike-slip faults
within the Cordillera Central' are ignored; their net offset over the
last 9 Ma is inferred in Figure 7.1. Some of the motion upon the Oca
and Santa Marta faults has been accommodated by thrusting in the Peri ja
Andes, and the eastern continuation of the Oca may die out within
decollement zones within the folds of the Falcon Basin., Progressive
development of the Barbados, South Caribbean/Curacac and Panama
accretionary complexes is inferred.



terrane has overridden the eastward migreting Carihbhear Piare., Howewer,

becavse the Merida/Bocono fault zmone chengas tvrend so drasiically ao 1o

merges wiitn the San Sebasitian fauli zone, the Aruba Qrvchila island are hag
been interrally deformed, vesuliing in the formefion of the small besing

lying between the islands, Dextral and extensional motion within these
basins has prevented a gap <from opening between the islands and northern
Venezuela, Collectively, these motions have led to the obduction of the
Aruba-Orchila islands onto the Caribbean Plate by about 170 km., The term
obduction is preferred to subduction, owing to the buoyant nature of the
Caribbean Plate [Burke et al., 1978] and to the fact that no
subduction--related volcanism has yet occurred. It has, however, caused the
development of the extensive South Caribbean-Curacao Ridge accretionary
complex, The compiex is composed of continental slope and rise sediments
derived from South America and deposited upon the Caribbean Plate during its
Cenozoic eastward migration. The site upon which the Cordilleran obduction
was initiated was the original transform fault separating the Caribbean and
South American Plates (Figures 7.1 and 7.9). Obduction was facilitated by
the fact that the Caribbean crust sits isostatically at 4 to 5 km below the
ad jacent margin., Hence, this transform, and evidence for its large offset
since the Eocene, cannot be directly seen, Only the eastern, recently
developed, relatively minor portion of the South American-Caribbean offset
(Cariaco Basin, El Pilar and related faults) can be directly studied [Speed,
1985].

The prospects for petroleum discovery in the basins separating the
Aruba-0Orchila basins are poor, At the surface, these basins have an
appearence similar to the small productive basins offshore California,
However, because the crust in which they formed overlies the underthrusting

Caribbean Plate rather than mantle, the basins may be expected to be quite
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GEOLOGIC~KINEMATIC MODEL OF CARIBBEAN EVOLUTION:

Introduction:

A Caribbean evolutionary model is ocutlined in 11 paleo-reconstructions
with accompanying  text, incorporating  plate-~tectonic elements and
interpretations described in chapters 4-7. The model continues the Gulf of
Mexico evolutionary story presented in chapter 3, beginning in the
Berriasian. The initial shape of northern South America is that obtained by
restoring Neogene fault offsets defined in chapter 7, and by removing the
Western Cordillerag eastern Costa Rica-Panama Arc, and the Leeward Antilles
islands, until their times of respective accretion.

Vector ffiangle diagrams (chords to small circles of rotation)
accompany each reconstruction to show the magnitude and direction of motion,
relative to North America, of thé plates until the next reconstruction. The
relative motion data of the larger plates are from chapter 2, and motions of
the Caribbean "Plate" are deduced from the reconstructions. For the

Neogene, Caribbean motion is also constrained by the spreading history of

the Cayman Trough [MacDonald and Holcombe, 1978].

The proposed evolutionary model: (figures at end of chapter)

Berriasian, 140 Ma, Figure 8.1.

Following the opening of the Gulf of Mexico, the Yucatan block became
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part of the North American Plate (NOAM) as spreading ceased in the Gulf,
Starting din the Berriasian, additional NOAM-Gondwana plate separaiion
occurred solely within a "proto-Caribbean Sea™ of the Atlantic. Most margins
of the proto-Caribbean Sea had been formed by rifting, and predominantly
carbonate deposits accumulated on the subsiding shelves throughout the
Cretaceous. The proto-Caribbean ridge system connected the Central North
Atlantic ridge system to plate boundaries in the Pacific realm. The latter
are poorly known, but sinistrally oblique subduction of the Farallon Plate
beneath North America is indicated [Engebretson, 1982]. Early Cretaceous
calc-alkaline volcanism in the Chortis, Nicaragua Rise--Jamaica, and
Cordillera Central (of Colombia) arcs indicate subduction along the Pacific
margin. Hence, it is unlikely that the proto-Caribbean ridge system
continued out into the Pacific; it most likely merged in an unclear way with
the subduction zones at the Pacific-proto-Caribbean interface. ,

From M-21 to M-11 time-(Tithonian to Valanginian), a kink in Central
Atlantic flow lines (Figure 2.5) indicates that the Central Atlantic’s pole
position shifted slightly to the west at that time. Such a shift
theoetically should have caused compression at existing long left-lateral
transforms in the Atlantic spreading system. The geometry of the early
Atlantic  suggests that the Bahamas probably was the site of such a
trénsform° It is suggested that this compression uplifted the oceanic crust
in the area of the eastern Bahamas to the photic zone, and is responsible

for the Early Cretaceous initiation of shallow-water carbonate deposition.,

Early Aptian, 119 Ma, Figure 8.2.

Spreading and plate divergence continued in the proto-Caribbean
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throughout the Farly Crectaccous. Development of the Bahamas was structurally
controlled by the Central Atlantic spreading system. The motion of the
Farallon Plate vrelative to North America became convergent by Aptian time
(Figure 2.1), énd the previously sinistral trench/transform system along the
Pacific realm lengthened and became the site of Greater Antillean
subduction, Metamorphic ages of 12? Ma on basic basement rocks in the
Greater Antilles [Pardo, 1975; Bowin, 1975] may relate to the Early
Cretaceous transform phase or to the inception of subduction. Initial
polarity of the arc was probably southwest-facing, like the arc complexes
along western Mexico and South America, so that the early Greater Antilles
arc remained at the Pacific--proto-Caribbean interface, subducting Farallon
crust. The plate-boundary junction with the Central Atlantic Ridge is
unknown, but may hévé been connected to the Pacific trench systems by a
transform, much like the situation in the present Andaman Sea.

To the east, plate separation began in the Equatoriél Atlantic bétween
northern Africa.and SOAM, producing for the first time a three-plate system
of the Auwericas and Africa. This development, however, did not drastically

affect NOAM-SOAM relative motion (Figure 2.5).
Late Albian, 98 Ma, Figure 8.3,

Carbonate platforms continued to develop along the margins of the
proto—Caribbeang‘while arc activity continued along the Greater Antilles and
Pacific margins of Mexico, Chortis and SOAM. The Bermeja ophiolitic complex
probably was obducted from the Farallon Plate and accreted to the southern
margin of the Greater Antilles at about this time [Mattson, 1979], but it

may simply be an exposed portion of the oceanic basement of the Greater
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Antillean arc system. The oceanic crust of the present Caribbean Platre,
already created at Pacific vidge systems, was migrating toward the Americas
as part of the Farallon Plate. Basalts bencath seismic horizon BY in the
Venezuelan and possibly Colombian Basins apparently were extruded onto this
crust during Cenomanian--Santonian time, giving the Caribbean crust its
thick, buoyant nature [Burke et al,, 1978]. Seismic velocities beneath B"
are intermediate between those of sediment and igneous rocks [Ludwig et al.,
1975; Stoffa et al., 1981] and may indicate interbedded sediment and lava.
Off-axis volcanism, perhaps related to formation of seamounts as in the
western Pacific, seems to have added this material to the pre-existing
Caribbean seafloor. A speculative cause for the build up of heat which led
to the widespread extrusion event is the Aptian to Albian period of 1little

relative motion between the Farallon Plate and the mantle (see chapter 2).

Early Campanian, 84 Ma, Figure 8.4.

In the Early Campanian, relative motion between NOAM and  SOAM
effectively ceased due to congruency of pole positions and rotation rates
defining the opening of the Central and South Atlantic Oceans. Hence, the
ridge system in the proto-Caribbean probably became extinct, although it is
possible that a subduction zone formed within the proto-Caribbean whose
subduction rate and direction were equal but opposite to the rate and
direction of seafloor spreading. The chances for this coincidental scenario
developing, however, are seen as slim.

The oceanic crust that had been injected and flooded by basalt 1in the
medial Cretaceous (B") began to arrive at the American and early Greater

Antillean subduction systems in the Campanian. Along the Andean arcs of
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Mexico, Chortis and SOAM, hindered subduction of the bhuovan
led to Laramide orogenesis (hinterland thrusting) and to step backs of the
subduction zone which obducted and eccreted portions of Farallon crust to
American forearc regions. Examples of such obductions include the basement
of Western Cordillera of Colombia, the Pinon Formation of Ecuador, and
possibly the ophiolite drilled on DSDP Leg 67 off Guatemala.

Along the Greater Antilles intra--oceanic arc, however, the buoyant
crust choked the subduction =zone, produced orogeny, and caused a polarity
reversal or flipping of the arc. Remnants of the buoyant masses which
choked the north-dipping subduction 2zone may be the basaltic basements of
the southern Peninsula and San Juan block of Hispanioia° These areas possess
no evidence of Cretaceous magmatism that is clearly subduction-related, and
where it 1is exposed in the southern peninsula, basement was extremely
deformed prior to the Maestrichtian or Paleocene, Southadipping subduction
was initiated north of the Greater Antilles, probably during the Campanian,
and crust of the present-day Caribbean Plate was allowed to enter the
proto-Caribbean areé; with the Greater Antilles at its leading =dge. The
new south-dipping s;bduction zone may have been initiated wupon one of the
ﬁre—existing fracture zones of the proto-Caribbean, which were approximately
parallel to the trench.

Subduction may have also began at about this time along the Pacific
side of B" affected crust, whose volcanism upon the western edge of the
Caribbean Plate has produced the southwest-facing Panama-Costa Rica arc.
The continued deposition of carbonates on the rifted margins of the
proto-Caribbean and no sign of volcanism (except for an odd intrusion in
north-central Yucatan Peninsula) suggests that the active volcanism of the

leading edge of the Caribbean Plate (Greater Antilles) was still located

outboard of the proto-Caribbean. This, in turn, indicates that the trailing
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edge of the Carihhean Plate (Pap_ama..c

QO

eta Rica) was laocated
the Pacific, as are the Tonga Kermadec and Mariana arcs today, A
cause-and-effect relaticnship perhaps exists between the compression
result.ing from the choking of the Greater Antilles arc and the inception of
subduction at the Panama--Costa Rica,

Pclaxvity reversal in the Greater Antilles arc must have  been
structurally and spatially accomodated within the arc; most island arcs are
convex towards their facing direction, and a change in polarity implies a
corresponding change in arc-convexity. The change is probably responsible
for several geological relationships in the Greater Antilles., First,
Campanian through Paleocene unconformities are widespread throughout the
Greater Antilles, and Late Cretaceous exchange of terrestrial fauna between
North and South America accompanied this phase of uplift [Bonaparte, 1984].
The Greater Antilles apparently provided an effective land bridge between
Mexico and South America. Second, some areas of the Greatér Antilles became
volcanically inactive following reversal (Eastern Cordillera, Dominican
Republic), whereas others became active (Aves Ridge). This observation
relates to the termination of one plgtonic axis and the initiation of
another, within the same general arc terrane. Third, several radiometric
ages on blueschists in Cuba and in northern Dominican Republic point to Late
Cretaceous (Campanian) [T. Barros, pers. comm,, 1985; Joyce, 1983]. The
blueschist occurrences may relate to rapid uplift from subduction-zone
choking in the south and also to subduction initiation in the north.

At this point, it is worth mentioning that the number of individual arc
terranes, which formed at distinct subduction zones, that are present in the
Greater Antilles arc complex is still wunresolved. At 1least three major
discontinuities exist which could be interpreted as potential sutures which

closed at different times. These are the Cauto Basin of Cuba (Paleogene),
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the Loma Caribe Peridotritre of Higpaniola (Late Cretaceous)

Tectonic Beli” of Puerto Rico (Eccene). Hewever, they may also be

£

interpreted gimply as zones of extensional, compressional, or strike slip
displacement within a single original arc system., 'The Loma Caribe is cf
particular relevance to the Campanian, as this is when it and related
structures primarily developed [Draper and Lewis, 1980]. The Loma Caribe is
a linear belt of ultra-mafics that defines more or less the northern margin
of the Cordillera Central magmatic arc of Hispaniola [Bowin, 1975]. No
associated melange or blueschists typically associated with subduction are
known in the area, although the development §f the adjacent Amina Schist
probably is closely associated [Draper and Lewis, 1980]. It appears most
likely that the Loma Caribe formed by compression with possibly a
strike-slip component, thereby raising a linear zone of arc-basement to the
surfacé, as an accomodation structure during theA period 'of arc-reversal.
The wuplift of the Loma Caribe and the development of the Amina Schist
probébly relate to backthrusting of rear-arc sediments during the reversal,
rather than to subduction accreticn during actual subducfionu As for the
other major arc dislocations, it was outlined in chapter 6 that the Cuban
Cauto Basin is the pivot point for the opening of the Yucatan intra-arc
basin, and that the Puerto Rican Tectonic Belt is a zone of strike-slip
shear related to development of the north Caribbean plate boundary zone.

Hence, the Greater Antilles is viewed here as a single arc complex which

possesses no sutures defining the existence of former oceans.,
Late Campanian, 72 Ma, Figure 8.5,

Northward migration of the Greater Antilles with respect to North
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northward-verging collision batween aix arc terrane and the previously
south -facing stable carbonate shelf of southern Yucatan (see chapter 6).
Continued coavergence led to, by the Msestrichtian, the oblique obduction of
the Santa Cruz and other ophiolitic bodies into the Sepur foredeep of the
gsouth-facing shelf of Yucatan (Motagua Suture Zone). The Santa Cruz may have
been part of the forearc of the a western extension of the Cuban arc
complex. The majority of the Greater Antilles arc, which had avoided
collision with Yucatan, continued to migrate northeastward, toward the
Bahamas.

In northwest South America,.most of the oceanic crust of the Western
Cordillera of Colombia and Ecuador had been emplaced by this time, and South
America-Caribbean relative motion occurred outboard of the Western
Cordillera at a new trench system.

Also important at this time was the formation of the Aves Ridgé arc.
As the eastern Caribbean Plate advanced northeastward beyond SOAM, the
Greater Antilles tronch progressively lengthened, and subductionm at the new
portion of the trench is responsible for the intrusion of plutons into the
eastern margin of the Caribbean Plate (Aves Ridge). This subduction also is
responsible for the emplacement of intermediate plutons of the Leeward
Antilles arc. The Aves and Leeward Antilles "arcs" became separated
probably in the Eocene by north-south intra-arc spreading in the Grenada
Trough (chapter 6).

In the Costa Rica-Panama, arc system, there is sufficient evidence to
conclude that subduction was |underway by the Late Campanian (Figure 6.3).
Hence, by this time the Caribbean Plate was defined and was capable of

independent motions relative to the other plates in the system.



The Caribbean Plate continued uwigrating ‘epproximately  to _the
east- -northeast, subducting oceanic crust of the proto Ceribbean, Yucaﬁan
Basin opened by intra-arc spreading, or extreme attenuation of Greater
Antilles arc crust, between Cuba and Cayman Ridge; extension  was
northwest--southeast [Hall and Yeung, 1980)]. The bulk of the Cuban portion of
the Greater Antilles magmatic arc was left in the Cayman Ridge, or is
presently submerged beneath Cuba's southern shelf. The Cretaceous volcanic
assemblages of onshore Cuba may represent the forearc complex only, so that
rifting occurred nearly along the arc-forearc interface. Trends and
magnitudes of relative motions in the three-plate system NOAMfCaribbeanuCuba
that describe the opening of Yucatan Basin may be defined by vector
complction (Figurc 6.4, inoet).

The Yucatan block prevented simple east-northeast motion of Chortis and
Nicaragua Rise/Jamaica with the rest of the Caribbean Plate; the sinistral
shear-couple deformed the latter internally during the Paleogene (Wagwater,
Montpellier Troughs, rifts of Nicaragua Rise) [Mann and Burke, 1984a].
Chortis-Caribbean relative motion méy have occurred primarily along the Hess
Escarpment, accompanied by compression in the Nicaraguan Rise, éo that by
Eocene time the Chortis and Costa Rica-Panama subduction zones aligned to
form the Middle AmeriCan Trench. Hence, volcanism ceased in the eastern
Chortis and the Nicaragua Rise-Jamaica arcs by the Eocene. The original
northeastward extension of the Hess may have traced between Jamaica and the
southern peninsula of Hispaniola; the Cretaceous histories of the two are
very different, and their present proximity may be due to strike-slip
juxtaposition by motion on the Hess. Subsequent Cenozoic strike-slip within

and along the south side the southern peninsula of Hispaniola possibly has
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obscured this initial reliationship. Restoraticn of about 150 km of offask
there vealigns the Hezs with the gap bhetween Jumeica and southevrn

Hispaniola, and provides an possible explansiion for the gignificance of the

problematic Hess Escarpmeni. As much as 48 km has occurred only since 2.2 Ma

3

[Sykes et al., 1982; Manan et al., 1984]. About 100 km of earlier Tertiary
(Early Eocene?) motion is postulated to have occurred along the southern
peninsula.

In northern SO0AM, obduction of the western equivalents of the North
Venezuelan nappes (forearc complex of the Leeward Antilles arc) onto the
South American margin was beginning, leading to load-induced subsidence and
flysch sedimentation with a continental source in the Maracaibo area (Figure
6.7). This was accompanied by the initial development of the Grenada Basin
(Figure 6.5). Late Cretaceous deformation and metamorphic ages from the
North Venezuelan nappes relate to the accretionary prism stage of their
development and to partial collision with the Western Cordillera, when the
nappes were located to the west of northern South America, and not to the
actual emplacement onto the Venezuelan margin.

The opening of both the Yucatan and the Grenada intra-arc basins was
the mechanism by which the Caribbean Plate accomodated the shape of the
proto-Caribbean basin, after having entered from the Pacific through a
smaller gap. Intra-arc basin formation was probably initiated by subduction
zone roll-back or trench pull; it seems that it was kinetically "easier" to
rift the arc complexes than to tear new transforms, or '"railroad tracks,"

into the proto-Caribbean oceanic crust.

Middle Eocene, 49 Ma, Figure 8.7.
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Greaver Antilles and Bshames Platform, Thic rcconstrucihicn is constreined by
1) restoring 1100 km of offsei in Caymen Trough, 7) alignment of [Late
Cretaceous- Eocene subduction-releted plutons throughout the Greater Antilies
and Aves Ridge, and 3) sedimentary facies changes across the islands (Figure
6.6). Extension in Yucatan Basin ceased as Cuba came to rest against the
Bahamas. Volcanism shifted eastwards from the Aves Ridge at this time, and
ensued in the Lesser Antilles arc., It began in the Focene in the northern
Lesser Antilles, but lagged until ?0ligocene or Early Miocene in the south.
This may relate to the opening of ‘Grenada Basin, which accounts for a lesser
subduction rate in the south during the Eocene.

In the Middle to Late Eocene, just after the Antilles-Bahamas
collision; east-northeast migrétion of the Caribbean Plate relative to NOAM
continued along a new plate boundary system. This system became the
northern Caribbean plate boundary zone (northern PBZ, Figure 6.6), in which
the Cayman Trough nucleated by the Oligocene as a pull-apart basin between
Yucatan and Jamaica. Cuba, the Cayman Ridgce, and the Yucatan Basin were left
as a part of the North American Plate with the development of this PBZ.
Progressive development of the Barbados accretionary prism is due to this
plate migration. Quartzose sands of the Piemontine nappes of central
Venezuela and the Scotland District of Barbados were accreted to the arc
Acomplex in the Eocene, and probably originated from western Venezuela where
Precambrian acidic massifs were exposed at the time,

By the Middle or Late Eocene, the trench systems the Chortis and Costa
Rica-Panama arcs were aligned, and the Middle American Arc developed above a
single subduction zone., Also, about 100 km of motion along the southern
side of the southern peninsula of Hispaniola is postulated to have offset

the Hess Escarpment from the gap between Jamaica and the Southern
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peninsula,

Warly Oligocene, 3& Ma, Figure 8.8.

NOAM-~-SOAM relative motion since the Eocene has been minor when compared
to motion of the Caribbean with respect to the Americas. Where the North and
South American Plates are in contact along one or more fracture zones to the
east of the Lesser Antillés Arc, relative motion of 200 to 300 km has been
dextrally convergent (Figure 2.5), but a well-defined North America/South
America plate boundary does not exist at present.

Eastward migration of the Caribbean Plate relative to NOAM and SOAM
following the Eocene is indicated by subduction-~related magmatism in the
Lesser Antilles. In the northern PBZ, the Cayman Trough progressively
developed by seafloor spreading at the Mid-Cayman Spreading Center, which
linked transform faults that connected the Middle America and Lesser
Antilles subduction zonmes. These transforms have wandered in the past,
forming anastomosing fault systems across central Guatemala, 1in the west,
and Hispaniola/Puerto Rico in the east (Figure 6.6). Large offset
transcurrent motions between blocks of Hispaniola are indicated by
drastically differing Tertiary sedimentary facies presently juxtaposed.
across fault zones. The primary offset during the Late Eocene and Oligocene
occurred along the northern San Juan Boundary Fault, which juxtaposed the
San Juan block with the Central Cordillera arc by early Miocene time, as
indicated by flooding of arc~derived clastics into San Juan Basin [Michael,
1979; Cooper, 1983]. Motion upon eastward extensions of this fault system
separated Puerto Rico from central Hispaniola, and brought an arc~derived

fragment of southwestern Puerto Rico into juxtaposition with central Puerto
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In the southern PBZ, castward migretion of the Caribbean progressivaly
lengthened the zone of Caribbean -SCAM interaction. Thrustts of the Norih
Venezuelan nappes have been emplaced southeastwards onto the Venezuelan
margin since the FEocene, diachronously to the east. Subsidence of the
Venezuelan shelf near Maracaibo is Paleocene-Focene [Zambrano et al., 1972],
and subsidence in the East Venezuela Basin is Miocene--Pliocene [Vierbuchen,
19841, This thrusting was followed by shear tectonics at any given point
along the zone of interaction between the Caribbean and SOAM. A transform
between the Caribbean Plate and South America progressively developed after
thrust emplacement. The Falcon (Oligocene) and Cariaco (Pleistocene) Basins
are two examples of pull-apart basins developing in previously overthrust

areas.

Early Miocene, 21 Ma, Figure 8.9,

Migration of the Caribbean Plate and associated plate boundary =zone
development continued. The predominant =zone of motion through Hispaniola
during the Miocene was along Sierra Neiba; by the Late Miocene, uplift in
Sierra Neiba had structurally separated the San Juan and Enriquillo Basins.
The logical eastward continuation of this fault system is the Muertos
Trough, which recently has become an overthrust zone.

In the south, the Lara, Villa de Cura, and Piemontine nappes were
emplaced onto the Venezuelan shelf, overthrusting the Oligocene-Miocene
foredeep basin.

Out in the Pacific, spreading was initiated at the Galapagos spreading

center, although its eastern portions have already been subducted and,
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Late Miocere, 9 Ma, Figure 8,10,

By this time, the blocks of Hispaniola were nearly assembled. For the
first time, siliceous gravels derived from a plutonic source in the
Cordillera Central reached the Fondo Negro Basin (Trinchera Formation) of
the southern peninsular block [Cooper, 1983]., The Cayman Trough was
well-developed and still extending, and the Panama arc had begun to collide
with Colombia., The arc terranes of Cuba and Hispaniola were probably
separating by this time by transform motion along the present--day Oriente
Fault. Compression has dominated further development in the Sierra
Neiba/Enriquillo systems, contributing to the present-day complexity of the
northern PBZ. Seafloor spreading at Galopagos Ridge of the eastern Pacific
since ﬁhe Karly Miocene had created a young, bucoyant swath of oceanic crust
with two aseismic ridées of excess volcanism, which entered the Panamanian
and Ecuadorian subduction zones in the Middle and Late Miocene. The arrival
of Panama and this buoyant crust has partially choked the subduction zones,
thereby driving blocks of the Andean Cordillera northeastwards, from the

Gulf of Guayaquil to the Venezuelan Andes. This mobilization has played a

major role in the neotectonic development of the Caribbean.
Present, Figure 8.11,

Over the last 9 to 10 million years, the Caribbean region, primarily
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the noriiern and scuth

arn Caribbezn PBZs, has undergone severas deformation.
The terw “Neo -Caribbsan Phese™ is propesed to  desgcribe this Late Miocene fo
Recent period of Cavibbeen tectonism, as it coatinues today.

Neo -Caribhean tectonism is widespread. Throughout the northern PBZ, it
is characterized by sinistral transpression end development of pull-apart
basins along many sinistral strike-slip faults, Deformation is most severe
in Hispaniola, where elevations exceed 3,000 meters and Pleistocene reef
debris has been found at 650 meters [Cooper, 1983]. Also, drastic relief and
active seismicity through the Motagua Valley of Guatemala indicate
considerable plate motions there too. The eastern Cayman Trough and the
Venczuela Basin have been recently overthrusted by Jamaica and an
accretionary complex at Muertos Trough, respectively. Both compressional
regimes are accompanied by sinistral components of strike-slip motiomw.

In the southern PBZ, Neo-Caribbean tectonism is more complex and
variable, Like a mirror of the north, dextral strike-slip faults with
transpressional and transtensional segments are common, and the Venezuelan
and Colombian Basins have been overthrust by the Scuth Caribbean and Panama
accretionary complexes, respectively. However, these aspects merely
accompany developments of greater significance. Onshore northern SOAM, many
linear fault systems and mountain chains extend from the Gulf of Guayaquil
to Trinidad. Some of the faults possess known offsets, whereas offsets on
others and within some linear mountain belts are unknown, although
strike-slip motions are usually indicated by seismic studies [Aggarwal,
1983]. In chapter 7, a 9 Ma (pre-Neo-Caribbean Phase) paleogeographic
reconstruction of various blocks was derived by restoring known offsets and
other displacements as determined by vector triangle completion. The
Cordilleran Terrane of northwest SOAM has migrated 290 km northeastward

relative to Guyana Shield during the 1last 9 Ma. This and associated motions
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ominated development of the southern Caribbean PRZ
motion pregumably is the Tate Miocens choking of the Atrato subduction zone
by the Panama arc and the buoyani ¢rustt and aseismic ridges created at
Galapagos Ridge (Figure 601)o Associated with +these translations 1is the
morphologic change of eastern Panama as outlined by Wadge and Burke [1983].

Within the Caribbean Plate itself, upliff and possibly strike.-slip
motion are occurring at the Beata Ridge and Hess Escarpment, but few details
are known., These features are probably sites of differential motion between
the Venezuelan and Colombian Basins and the Nicaragua Rise,

The Neo~Caribbean Phase of deformation results from interaction between
the Caribbean and the Americas and from general compression which can be
related to at least three causes, First, NOAM--SOAM relative motion vectors
(Figure 2.5) show convergence during the Neogene, which constricts the
Caribbea Plate. Second, the restraining bend in the Ofiente—Puerto Rico
Trenéh transform fault northeast of Dominican Republic [Bracey and Vogt,
1970] constricts the east&ard migration of the north-central Caribbean and
is respensible for much traﬁsprcssiqn in Hispanicla. The eastern Dominican
Republic, which has already passed this bend, has relatively subdued
topography., Third, and most important, is the northeastward migration,
relative to . the Guyana Shield, of the SOAM Cordilleran- Terrane. The
compression induced upon the Caribbean Plate by this motion is
north-northwest, because the Caribbean Plate possesses an eastward component
of motion relative to the Guyana Shield that is slightly greater than that
of the Cordilleran Terrane'(chapter 7). Along the E1 Pilar fault =zone of
eastern Venezuela and Trinidad, where the Caribbean and South American
plates come into contact, the relative motion of the two is slightly south
of east [Aggarwal, 1983]. The strike-slip component is largely taken up

along the El1 Pilar Fault, whereas the compression occurs on folds and
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sin to the south of the El Pilar [Case and Holcombe, 1980].
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SUMMARY, DISCUSSION, CONCLUSIONS, UNRESOLVED PROBLEMS:

Summary :

Despite several unresolved details regarding local evolution, it
appears as though the Gulf of Mexico evolved by the rotation of the Yucatan
block away from the U.S. Gulf Coast about a pole in northern Florida, and
that the Caribbean Plate originated in the Pacific during the Cretaceous and
migrated during Late Cretaceous-Cenozoic time into its present positioﬁ
between the Americas.

The relative motion history between North and South America (Figure
2.5) can be broken into three distinct phases. Fromrthe Middle Jurassic to
the Campanian, South America diverged from North America in an
east-southeast direction, From the Campanian to the Eocene, little or no
relative motion occurred, but minor (2@0 okm) sinistral convergence 1is
perhaps suggested. Since the Focene, South America has converged by about
200 to 300 km with North America in a west-northwest direction, achieved by
convergent dextral slip along the Barracuda, Tiburon and other related
fracture zones. The crust being subducted at present beneath the Lesser
Antilles is Late Cretaceous in age.

Three general phases of Gulf/Caribbean evolution can be recognized that
coincide with the three phases of North America-South America relative
motion history. During the Jurassic to Campanian, rifting and development
of passive carbonate shelves formed along circum—-Gulf and proto-Caribbean
continental margins, associated with the separation of North and South

America, Yucatan and the Florida Straits block. Early Cretaceous crust of
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the Caribbecan Plate formed iun the Pacific Basin and was intruded by medial
Cretaceous bacalts (seisinic horizon B"), to the west of South America, From
the Cazmpanian to the Middle Focene, compressional tectonism, continued arc
volcanism and development, and arc--continent collision was associated with
the migration of the Caribbean "Plate"™ into the proto-Caribbean realm.
Since the Middle Focene, the Caribbean Plate has migrated eastwards relative
to the Americas at 2.5 to 4 cm/yr, with much strike-slip deformation in the
northern and southern Caribbean plate boundary zones. Arcs have developed
along the leading (Lesser Antilles) and trailing (Middle America) edges of
the Caribbean Plate by subduction of Atlantic and Farailon/Cocos oceanic
crust, respectively., That the Caribbean Plate is exotic with respect to the
proto-Caribbean, having formed prior to its entrapment amidst the Americas,
precludes the possibility of magnetic anomalies in the Venezuelan and
Colombian Basins having any direct bearing upon plate boundary schemes

related to the evolution of the Caribbean region sensu stricto.

A Middle Miocene to Recent period of orogenesis, referred to here as
the "Neo- Caribbean phase of deformation,” has developed across the Caribbean
region. The Greater Antilles have undergone rapid rates of uplift, crustal
blocks within the Andean terranes of South America have  undergone
large-scale (>100 km) transpressional and transtensional  strike-slip
movements, pull-apart basins have developed throughout the nofthern and
southern -plate boundary zones, and the Caribbean Plate has been deformed
internally at Beata Ridge and Hess Escarpment. The deformation results from
(1) interaction between the Caribbean and the American Plates, (2)
compression caused by post-Eocene convergence between North and ‘South
America, (3) northeastward migration of the Andean Terranes of northweét
South America, and (4) convergence at the Hispaniolan restraining bend along

the Oriente-Puerto Rico Trench transform northeast of Samana, Dominican
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Discussions

~

This study illustrates the methodology of developing models for
regional evolution of complex interplate realms by integrating local and
regional geology into a plate-kinematic framework provided by paleopositions
and relative motions of major plates. The plate~kinematic framework
provides  first-order geometric constraints on proposed models.
Paleopositions of continents encompassing the area in question provide the
size and shape of the interplate realm at different times, whereas the
relative motion history of encompassing plates provides the rate and
direction of change of the size and shape of the interplate realm.

Plate-kinematic frameworks in general are constructed by detérmining
poles of rotation for various times from marine magnetic anomalies and
fracture =zone traces that define former configurations of Atlantic-type
oceans. However, these frameworks can be made significantly more accurate,
particularly in the early stages of relative motion, by refining the
original pre-rift reconstruction of all of the continents involved. This is
achieved by considering and incorporating the palinspastic effects of (1)
syn-rift extension within continental margins, and (2) post-rift changes 1in
the initial shapes of the blocks and coﬁtinents that are caused by
compression, extension, strike-slip, accretion; or tectonic erosion. The
Gulf of Mexico provides an example of the importance of syn-rift extension
to the relative motion framework; only about half of the total separation
between Yucatan and the U.S. Gulf Coast was accomplished by seafloor
spreading, whereas the other half was achieved by intracontinental

extension. Purportedly '"closed”" reconstructions using the present-day



ocean--continent boundaries dec - not  recognize  this dwportant factor.
Likewise, mnorthern Scuth America portrays the imporiance of post-wift
changes ian shape; the Andean ferrancs have moved northeastward by as much as
290 km; and thousands of square kilometers of land area have been accreted
from the Farallon and Caribbean Plates. Plate-kinematic analyses for other
interplate realms such as the Mediterranean also should integrate these
considerations.

Using the plate-kinematic framework for North and South America and the
Farallon/Cocos Plates as a basis, the Gulf of Mexico/Caribbean evolutionary
model has been derived by the integration of first-order plate tectonic
elements. In the Gulf of Mexico, the distribution of salt, oceanic crust,
and attenuated continental crust, and fault zones and their styles, were
used to show how the Yucatan and Florida Straits blocks migrated away from
the U.S. Gulf Coast. No subduction assisted with the Gulf’s development, and
assessment of its formation is relatively simple when compared to the
Caribbean.,

In the Caribbean area, an early Atlantic-type rift and drili history of
the proto-Caribbean Sea is overprinted by the entrance from the Pacific and

eastward migration of the Caribbean Plate sensu stricto. The

proto-Caribbean’s tectonic history can be deduced from the relative-motion
history of North and South America, but the tectonic history of the
Caribbean Plate cannot. To achieve the latter, first-order plate-tectonic
elements pertaining to the Caribbean Plate were integrated into the relative
motion framework of the America's and the Farallon/Cocos Plate.

Such first-order plate-tectonic elements for |the Caribbean include
plate-motion indicators such as (1) the intervals of active subduction and
polarity of the various Caribbean arcs, (2) the timing of collision between

the arcs and the margins of the proto-Caribbean, as indicated by the
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geometry, timing and structural development of bells containing pieces of
oceanic crust, (3) the mode and timing of formation of the Yucatan, Grenada
and Cayman basins, all of which are, or have been, sub--basins of the larger,
primary >Caribbean Plate, and (4) the recognition of sites of large-scale
transcurrent offsets since the Eocene,

The proposed evolutionary model for the Gulf and Caribbean is highly
dependent upon two critical factors. The first is the proposed Equatorial
Atlantic reconstruction that is tighter than that of Bullard et al. [1965].
This fit more satisfactorily rejuxtaposes the Guinea and Brazilian margins,
but it also requires that Africa behaved as two plates during the Early
Cretaceous. Evidence for this certainly exists [Burke and Dewey, 1974;
Pindell and Dewey, 1982], but the total amount of internal deformation
within Africa has yet to be quantified. The second critical factor is the
assumption that the Cayman Trough records large amounts of relative motion
between the Caribbean and North American Plates. Depending on the particular
evolutionary model wused, a minimum of 800 km of motion along the Cayman
Trough is required irn order for the Caribbean Plate to have originated in
the Pacific realm. In the modelling presented herein, 1050 or 1100 km is
assumed, for evidence to the contrary is non-existent, with additional
transcurrent motions occurring elsewhere in the northern Caribbean plate
boundary zone as well. If offsets greater than 800 km are eventually
disproved, a Caribbean evolutionary model that is in situ with respect to

the proto-Caribbean area must be accepted.

Conclusions:

Several conclusions may be drawn from the Gulf of Mexico/Caribbean

evolutionary model. These are listed below.



1) The finite difference method [Dewey, 1975] has been employed throughout
this study. It has been used to determine the relative paleopositions
of North and South America through the three-plate circuit including
.Africa. It has =a2lso been used to predict the net motion upon fault
systems or plate boundaries in poorly understood three-or--more--plate
systems, such as the Neogene development of the southern Caribbean
plate boundary zone, and the opening of the Yucatan and Grenada Basins.
The finite difference method is useful at any scale, and provides an
important tool for the deduction of paleogeographic scenarios.

2) The geometry of plate separation between North and South America was such
that a sinistral shear couple existed across the ‘early interplate
realm., The Yucatan block rotated in a counter-clockwise sense during
the period over which it was in contact with the margins of both Nourtih
and South America, which is compatible with sinistral shear. Other
rotations of this kind on a regional scale include Iberia between
Europe and Africa in the Early Cretaceous, and the Jan Mayan Ridge
between Europe and Greenland during the Tertiary. Such cause-and-effect
relationships concerning the relative motions of tortionally rigid
plates suggests that the underlying mantle has little control on the
evolution of plate mosaics.

3) Rift-related salt deposits in the Gulf of Mexico occur primarily in
realms of attenuated continental crust as defined by seismic reflection
and refraction methods [Buffler et al., 1980, 1981; Ibrahim et al.,
1981]. Thus, reconstructing boundaries defining the original
depositional limits of salt, prior to halokinesis, is useful for
estimating paleogeography at the onset of seafloor spreading. The Gulf

of Mexico provides an example which, despite salt migration beneath
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Sigsbee Escarpment, suggests that in areas of poorly known basement
structure, the occurrence of salt deposits may be used to roughly
approximate the extent of attenuated continental crust. However, this
may not be the case for the eastern Brazilian margin.

4) Throughgoing, deep-water circulation between the Atlantic and the Pacific
Ocean, via the Caribbean, might never have occurred. In the Early
Cretaceous, this would have depended upon the bathymetric expression of
the early Greater Antilles 1island arc. During the Campanian to
Maestrichtian interval the Greater Antilles most certainly should have
prevented circulation. As the Aves Ridge, in its early stages as an
arc, passed northwest South America in the Paleocene, deep circulation
may have been possible, depending upon the bathymetric expression of
the young Aves Ridge. Dredge hauls of Middie Eocene shallow-water
carbonates from Aves Ridge, however, demonstrate that by that time the
ridge had become shailow_[Fox and Heezeﬁ, 1975]. Sincé the Eocene, ghe
Aves and Lesser Antilles ridges have clearly prevented deep-water
circulation. Circulation between the Pacific and the water above the
Caribbean Plate was unhindered until the Middle Eocene, with the
deposition of siliceous pelagics in both until that time. In the
Middle Eocene, however, pelagic sedimentation in the Caribbean changed
and the top of the Early Eocene siliceous cherts and micrites 1is
observed as seismic reflector A" in the Caribbean Basins [Edgar et al.,
1971]. No such change occurred in the Pacific. It is suggested that the
transform/trench system connecting the Costé Rica/Panama arc to the
South American trench system was of sufficient bathymetric expression
to have interrupted deep water circulation and the entrance of silica
rich waters into the Caribbean. Such bathymetric expression is common

at long oceanic transforms [Hegarty et al., 1983].



6) A

vertebrate fauna between WNorth nd South

£

Amcrica occurrad in the Tate COretaceons, the Focene, and the Pliccesa,
The l.ate Cretaceous migration of dinosaurs probably occurred across the
Greater Antilles from Mexico to northwest South America, during the
period of arc polarity reversal. The Focene migration of rodents
occurred along the Greater Antilles and‘ ?Bahamas, and across the
shallow -water (and partially exposed) Aves Ridge, again into northwest
South America. The Pliocene migration of mammals such as the early
horses occurred across the Isthmus of Panama, which was uplifted and
exposed during the Panama-Western Cordillera collision,

single mid--ocean ridge in the proto-Caribbean from the Jurassic to the
Campanian is predicted. Proto-Caribbean ridge volume by stages can be
calculated from the ridge length and the spreading rate, defined in the

vector triangles, on each reconstruction.

7) The anomalously thick (12 to 25 km) Caribbean Plate owes at least part of

its excess thickness to the extrusion and intrusion of basalts and
diabases (seismic horizon B") ontc and into pre existing oceanic
crust, The basaltic episode occurred mainly during the Cenomanian to
Santonian period, possibly into the Campanian. This period follows an
Aptian-Albian period of very 1little relative motion between the
Farallon Plate and the mantle [Engebretson, 1982]. It is suggested that
the cause of the basaltic event was the accumulation of excess heat and
partial melting beneath the Caribbean.portion of the Farallon Plate.
The Caribbean Plate, as a trapped, buoyant piece of the original
Farallon crust, may provide a clue to the cause of Laramide orogenesis
in continental portions of the Americas [Livaccari et al., 1981]. Other

areas of the Farallon Plate, had they been affected by such off-axis

volcanism, should have begun to arrive at the Cordilleran margins in
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the Late Cretaceous at the beginning of Laramide orogenesis, It is
felt here that the medial Cretaceous basaltic event was more widespread
than just the Caribbean portion of the Farallon Plate, and that the
excess thickness and buoyancy of affected areas, coupled with high
rates of Farallon convergence with North and South America
[Engebretson, 1982], caused a shallowing in the dips of Cordilleran
subduction zones which is responsible for much of the Laramide foreland
orogenesis.

8) Engebretson [1982] predicted that Neocomian Farallon motion with respect
to North America was convergent with a large component of sinistral
shear, and that by Aptian time relative motion was nearly head-on in
the Caribbean area. This accords well with the age of inception of the
Greater Antilles arc. Before the Cretaceous, however, in the Middle
Jurassic, blocks within Mexico migrated to the southeast into the zone
that was occupied by South America prior to the Cretaceous. The likely
mechanism for such southeastward transport of Mexican blocks is
sinistral shear during subduction. Hence, it is suggested that the
prediction of sinistral convergence between North America and the
Farallon, or other Pacific plates, may be extended back to the Middle
Jurassic,

9) The proposed model and the history of Farallon/North American relative
motion make certain predictions about the origin of the allochthonous
terranes of North America. For terranes preseﬁtly in North America to
have originated from South America, the 'jump' from South to North
Ameirca must have occurred prior to the Middle Jurassic. In the Middle
Jurassic, blocks of Mexico were migrating southeastwards.
Southeastward migration apparently continued into the Neocomian, as

predicted by relative plate motions, For the Aptian through



256

Maestrichtian interval, western Mcxico and the western margin. of
Chortis could have been source areas for northward migrating terranes.
For the Cenozoic, it appears that the present mouth of the Gulf of
California has defined a point that to the north of which, terranes
have migrated northwards (e.g., Salinia), and that to the south of
which, terranes have migrated eastwards (e.g., Chortis). The wide
distribution, variable paleogeographic environments, and large total
volume of the North American allochthonous terranes suggest that their
gource area was also large and diverse. From the above, it appears
that western Mexico is the only portion of the American Cordilleras
from which the terranes could have been displaced northwards, énd this
could only have occurred since the Aptian. It is concluded that 1) the
Cretaceous areal extent of Mexico was perhaps double its present size,
and/or 2) many of the allochthonous terranes originated out in the
Pacific (much 1like the western Pacific of today) and were carried for
much of their northward migrations as parts of the Farallon Plate.

10) The relative motion vector derived herein for South America and North
America (Figure 2.5) is extremely simple. South America diverged until
‘the Campanian and then effectively stopped, with only minor motions
occurring since that time that are related to reactivation of the
original fracture zones. No well-defined North America-South America
plate boundary can be defined at present from seismicity or for the
Cenozoic from magnetics, and one probably has not existed since the
Early Campanian. This coincides with the passive development of the
proto-Caribbean Basin wuntil the progressive entrance and eastward
migration of the Caribbean Plate throughout the Cenozoic. Arc-margin
interaction can be traced eastwards by structural deformation and

facies development along the margins of the proto-Caribbean.
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11) As the Caribbean Plate entered the proto-Caribbean through the neck
between Yucatan and northwest South America, two intra-arc basins
(Yucatan and Grenada) formed on the ‘corners’ of the leading edge of
the Caribbean Plate., This was the mechanism by which the Caribbean
Plate assumed the larger shape of the proto-Caribbean., The forces
responsible for the initiation of the intra-arc basins were apparentlj
smaller than those required to tear new transforms into the
proto-Caribbean oceanic crust. the outward components of the forces
that drove the Cuban and Lara foréarcs away from the Caribbean Plate
could be due to roll-back of the subduction zones, or to shearing
caused by oblique subduction (subduction at Cuba was sinistral, at Lara
was dextral). As roll back velocities are far slower than the opening-
of both basins [Taylor and Karner, 1983], the latter is assumed to bé
dominant. It is suggested that the trench-parallel shear component
arising from ébiique subduction is responsible for the outward force in

arc systems that creates many intra-arc basins.

Unresolved problems:

In so far as the Gulf and Caribbean region is composed largely of a
collection of allochthonous terranes [Case et al., 1984] whose exact
relative motions are poorly known, the proposed evolutionary model is mainly
an attempt to reconcile the exiéting geological data base with known or
inferred plate motions; In that light, the model provides a framework which
may be further substantiated or refined by continuing field and marine
studies. At the same time, the model helps to identify problem areas that

require further research. Such problems include the following.
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(1) A new recunstruction and opening history for the Equatorial Atlantic has
been suggested hereln that seems to explain many problems plaguing the
understanding of the opening bhistory of the Atlantic and  the
Permo- Triassic  paleomagnetism o¢f the circum-Atlantic  continents.,
However, this model is, as yet, speculative, and needs to be subjected
to the rigors of specific geophysical tests tracing the fracture zones
to the opposing margins.

(2) It is argued herein that the Yucatan Block rotated counterclockwise away
from the U. S. Gulf Coast to 1its present position to form the Gulf of
Mexico. However, it may have been translated along the Mojave Sonora
Megashear, intact with central Mexico. The distribution of salt in the
Gulf, the steep drop off of basement along eastern Mexico (transform
margin?), the distribution of oceanic crust in the Gulf, and the trend
of poorly-defined magnetic anomalies in the Gulf favor the former
hypothesis, However, until the magnetics are better understood, a
clear understanding of the origin of the Yucatan block cannot be
determined.

(3) A "card-deck" simple shear model for the Jurassic emplacement of Mexico
into the overlap position of South America is suggested herein, but
evidence for this, or any other emplacement mechanism is highly
speculative. More field-related studies within Mexico are required to
better the understanding of the emplacement of Mexico.

(4) It is becoming clear that the western Bahamas (Grand Bank and south
Florida Shelf) are underlain by thinned, pre-Mesozoic continental
crust. However, the basement of the eastern Bahamas and its origin as
a carbonate bank are unknown.

(5) The aereal extent of the continental portion of the Chortis block and

its position relative to North America prior to the Aptian is unknown.
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This hinders attempts to define plaie .boundary scchemes for the
Caribbean in the Harly Cretaceous, Also, the nature of hasement of ihe
Nicaragua Rise and Jamaica is still unclear, In the Aprian and latew,
sedimentation in Chortis and southern Mexico was very similar,
suggesting that Chortis was adjacent to Mexico in the medizl and Late
Cretaceous prior to entering the proto-Caribbean realm, as is suggested
by the offset along Cayman Trough. In order for Chortis to have entered
from adjacency with Mexico, compression must have occurred between
Chortis and the Colombian Basin. This compression is suggested by the
strﬁctures of the Nicaragua Rise and offshore southern Jamaica, but any
specific understanding of the predicted compression is lacking. In
addition, the significance of the Hess Escarpment, which is one of

these structures, is unknown.

(6) The vast majority of evidence points to a pull-apart origin for the

(7

entire Cayman Trough, but this has yet to be proved by direct
observation. At least 800 km of offset is needed for a Pacific origin
of the Caribbean Plate. Until this is proved, some question will remain
as to the provenance of the Caribbean Plate.

Most accounts of the tectonic history of central Venezuela call for
Eocene emplacement of the North Venezuelan nappes [Maresch, 1974]. An
emplacement age of Oligo-Miocene is suggested  here. Assuming large
offsets along the Cayman Trough, an FEocene emplacement age requires
that emplacement  occurred upon plate boundaries of  the
proto-Caribbean. Such motions are not predicted by North and South
American relative motion history. The differing interpretations hinge
on whether the flyséh of the Piemontine nappes in front of the Lara
nappes was deposited and accreted during the subduction stage offshore,

or whether it represents the sediment of the foredeep which developed
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dguring obduction onto the margin., The f{ormer is [avored hcre, as the
wavelensth of ithe Piemontine neppes is muach toc shovt to be a
foredeep, In addition, an Oligo Miocene foredesp did form, slthough

only pocrly, wnhnich was then overridden by the Lara aéd Piemontine
nappes together |Beck, ~1978]. Additional field studies in the
Venezuelan Andes and a proper assessment of gravity and basin analyses
of the Venezuelan foreland basins are needed in order to determine
whether the Eocene or the Oligo-Miocene emplacement model is correct,

(8) The east-west magnetic anomalies across Grenada Basin may or may not be
seafloor--spreading anomalies, That they are seafloor-spreading
anomalies is important to ascribing the Leeward Antilles arc and Villa
de Cura Klippe to the southeastern portion of a proto—-Aves Ridge arc
and forearc; The opening of the Grenada Basin is important to the
emplacement of the Lara and Villa de Cura nappes (Figure 6.5);
therefore, assessing this problem will aid in assessing the emplacement
history of the north Venezuelan nappes.

(9) Because of insufficient data to warrant other alternatives, it has been
assumed that the Greater Antilles Arc 1is composed of only one arc that
reversed its polarity in the Campanian. The central Hispaniolan
peridotite and associated ﬁetamorphosed pelitic sediments [Draper and
Lewis, 1980], and the blueschist metamorphic areas of southern Cuba
[Mattson, 1979] may be interpreted as pertaining to the polarity
reversal, However, they may also indicate that the Greater Antilles
are composed of more than one arc. Prior to the Campanian,
paleogeographic relationships within and among the Greater Antilles are
poorly known; a scenario similar to the western Pacific prior to a
Campanian amalgamation ‘event' is not unreasonable. Outlined herein is

the simplest model for the Late Cretaceous that provides an
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explanation, if nothing more, of most of the known major structural and
depositional features, Continued efforts toward understanding the
Campanian and older history of the Greater Antilles are desperately
needed;

The nature of basement in Cuba is still debated. It has been labeled
as entirely arc-related, having collided with the Bahamas by
arc—continent collision., However, basement in some apparently areas
may be continental., It is possible that these bits were carried with
the arc complex from a southern provenance. However, an alternative to
the "allochthonous arc”"™ concept is that the volcanic aspects of Cuba
pertain to the Greater Antillean  forearc, possessing the odd
calc—-alkaline 'intrusion, which was obducted onto the attenuated
continental margin of the southern Bahamas in the Paleogene. In this
case, basement 1is autochthonous, whereas the mafic volcanics and
inirusions of Cuba are obducted forearc constituents. More analyses on
the Cuban rocks are required to solve this problem,

The nature and age of the floor of the Yucatan Basin is uncertain. A
seafloor spreading origin in the Paleogene is suggested from seismics
and heat-flow studies. If the floor is thinned continent, however, it
becomes difficult to ascribe Cuba to having originated in the Pacific
with‘the rest of the Caribbean Plate.

Seafloor magnetic anomalies in the Venezuelan Basin trend northeast.
Anomalies trend east in the Colombian Basin, but these may not be
seafloor-spreading related. Differing trends in magnetism (and its
sources) suggests that the intervening Beata Ridge may have had an
early history of offset along it. The present uplift of the Beata
Ridge is poorly understood, but probably relates to minor motion

between the Colombian and Venezuelan Basins, It 1is suggested herein
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that this motion possesses a cinistvral

sislke-slip component.

The appavent Campaniar dniviesiion of subductiion at the Cosfta
Rica- Panama arc ig constrained ouly by 2 radiometric ages on nlutons
and some tuil herizons in the stratrigraphic record. The timing of the
inception of subduction at this arc is important to understanding when

the Caribbean Plate became separated from the Farallon Plate, and when

it was able to possess its own motion relative to the other plates.
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