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ABSTRACT OF THE THESIS
Geophysical Investigations of the Nicaraguan Rise
By BEN NNAEMEKA NWAOCHEI, Ph.D.
Thesis Directors: Professor W. Jason Morgan and

Professor Richard Olsson

A crustal section across the Nicaraguan Rise is
presented here. It is deduced from a combination of
seismic refractions, gravity and magnetic data obtained
from the rise. The two-dimensional geophysical models
indicate that the rise is underlain by a layered crust
whose thickness is intermediate between a continental and
an oceanic crust. The velocity structure and the magnetic
anomalies, however, are indicative of oceanic crust. Some
magnetic anomalies that suggest the presence of normal and
reversed magnetization have been identified.

It is postulated that the rise originated as a normal
oceanic crust but has been modified during the episode of
southward subduction of the North American plate beneath
the Caribbean plate. This plate convergence resulted in
the formation of the island-arc of the Greater Antilles.
The subduction has since stopped, the Caribbean plate is
now moving east and the subducting plate boundary is now
replaced by the Cayman Trough. There is no evidence of
unusually thick accumulation of carbonates as exists in
the well known carbonate banks such as the Bahamas, the

Yucatan and the Florids Platform.
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1. INTRODUCTION

It is generally agreed that a fundamental problem
within the Caribben region today is the nature of the
crust beneath the various tectonic provinces (Case, 1975;
Nagle, 1971). This was clearly indicated in the report of
a recent workshop organized to help identify important
geological problems related to the evolution of the
Caribbean (Burke et al., 1977). A report prepared for the
National Science Foundation (Bell, 1979), has recommended
that in the next decade efforts should be directed towards
an understanding of the transition between ocean and
continents - continental margins. This program has
appropriately been named OMD, for Ocean Margin Drilling.
Compared amongst the provinces, the Nicaraguan Rise is
perhaps the least understood. Various interpretations of
the available data made at different times by different
investigators have led to many contradictory results.
There is a paucity of studies conducted to date on the
Nicaraguan Rise compared to the remainder of the Caribbean
region. The study described herein was conducted to
contribute to an understanding of the crustal structure

and tectonics of the Nicaraguan Rise.
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2. GEOLOGIC SETTING OF THE STUDY AREA

The Nicaraguan Rise is a broad topographic high
extending from Honduras and Nicaragua to the western tip
of Hispaniola (Fig. 1). It includes Pedro Banks and the
island of Jamaica and covers an area of approximately
500,000 kmz. The north-western end of the rise is linear
and steep, dropping precipitously into the Cayman Trough.
The southeastern flank descends into the abyssal plains of
the Colombian Basin in a series of steps, terminating at
the linear Hess Escarpment. Comparatively, the south-
western segment of the rise is smooth and shallow whereas
the northeastern section comprises highs and lows which
appear to be structurally controlled (Uchupi, 1975). Some
of these highs shoal to less than 50 m (Robinson and
Cambray, 1971). To the north is a ridge paralleling the
Cayman Trough. On this ridge are located several islands
including Jamaica in the northeast and the Bay Islands
to the west.

Alkaline basalts which erupted through Quaternary
Coral reefs form the westernmost of the Bay Islands, Utila,
(McBirney and Bass, 1966), while in Roatan, the central
island, the Paleozoic metamorphic rocks forming the base-
ment are gently folded and capped by pre-Tertiary limestones
and conglomerates (Uchupi, 1975). (The Bay Islands, 16° N,
85°»W are just off the western edge of Fig. 1.) A basement
of metamorphosed graywacke, silty shale and cherts

underlies the easternmost island, Guanaja.
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The oldest rocks on the Swan Islands are predominantly
calcareous siltstone highly deformed along a northwestward-
trending structural axis. They were deposited in a deep=-
sea environment during Oligocene or early Miocene time
(Todd and Low, 1967). Later units are bank limestones,
reef limestones and beach deposits. There are other highs
scattered over the smooth western section of the rise;
some of them are volcanic islands while others are topped
by reefs that appear to be structurally controlled (Stewart
et al., 1961; Milliman, 1969).

In the complex northeastern section of the rise, the
island of Jamaica can be divided into 3 physiographic
provinces:

(a). the eastern mountainous region of mainly

Mesozoic igneous and metamorphic rocks,

(b). the Wegwater belt - a trough filled with
lower-middle Eocene shales, sandstones and
conglomerates and

(c). the Cornwall - Middlesex block of Mesozoic -
Cenozoic terrigenous and carbonate deposits
(zans et al., 1962).

In the vicinity of the island of Jamaica is a
topographic high, the Pedro Bank. This has a Late
Cretaceous granodiorite basement, capped by a few meters
of granodiorite boulders and calcareous cemented sand-
stones, and finally overlain by 2000 m of shallow-water
Tertiary carbonates (Neff, 1971; Uchupi, 1975). There
are other topographic highs trending nearly northeast.

The shallowest ones are flat topped and have smooth steep



slopes while the deeper ones have rugged crests and less
steep slopes. In-between these structural highs are

sediment ponds which consist of alternating turbidites and
pelagic sediments (Uchupi, 1975).



3. THE PROBLEM

The core of the Nicaraguan Rise is not exposed
anywhere. Deep drilling to sample the interior of the
rise has been limited to a DSDP hole at site J152
(Fig. 1) located near the transition from the rise to
the abyssal plains of Colombian Basin. A total of about
27 exploratory wells have been drilled in Jamaica, Pedro
Bank and near Nicaragua (Arden, 1969, 1975). The well
drilled on Pedro Bank bottomed at 1978 m, while the

deepest in Jamaica and near Nicaragua are 2662 m and

44319 m deep respectively. Some dredges have been recovered

from the northern scarps of the rise (Perfit and Heezen,
1978). With these few rock samples, recovered from
isolated locations on the rise, the complete history of
the Nicaraguan Rise cannot be interpreted from the record
of the rocks alone. Indirect geophysical evidence
therefore becomes very critical.

This investigation was conducted principally to:

1. establish the possible basement foundation of the

Nicaraguan Rise, using bathymetric, gravity,
magnetic and seismic data. Three models are
proposed. The models are (Fig. 2):

a. a sialic craton; in which the sedimentary
cover is deposited on foundered continental
craton.

b. a volcanic foundation (plateau) or

c. a more or less normal oceanic crust with

thick sediment cover.
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2. determine the possible thickness of the carbonates
on the Rise, again using bathymetric, gravity,
magnetic, seismic, and dredge data.

3. determine whether the linear magnetic anomalies
characteristic of sea-floor spreading, which were
identified in the eastern Colombian Basin, extend
to parts of the southwestern Caribbean, or
terminate against the Nicaraguan Rise.

y, determine if the eastern and western parts of the
rise have the same history, or if the west 1s
foundered continent and the east volcanic founda-
tion.

5. present a possible evolution and tectonic history
of the rise based on
1. dredges recovered at various locations on

and around the rise.

11. magnetic lineations and other information
from the geology of the surrounding provinces
particularly Jamaica and the Cayman Trough.

Three models were proposed to explain the crustal

structure of the rise. These are illustrated in Fig. 2.

MODEL 1. SIALIC CRATON

Tn this model, the sediments are assumed to be
deposited on foundered sialic basement. The rise could be
composed of continental crust with a fairly thick sedimen-
taiy cover of mainly shallow water carbonates and
terrigenous sediments. Because cratons, by their bouyancy
resist subsidence (Dietz et al., 1970) very little
subsidence is expected. Gravity and magnetic anomalies

over the area may reflect the continental crustal structure.



A. Foundered sialic basement.
B. Volcanic basement.
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MODEL 2. VOLCANIC BASEMENT
A carbonate cap blankets a group of subsided volcanic
islands or seamounts (Newell, 1955). This might be
considered the drowned equivalent of the Azores, Canary
Islands or of the Iceland - Faeroe or Walvis ridges, or

perhaps a truncated and subsided island arc.

MODEL 3. OCEANIC CRUST BASEMENT

This model implies that the rise is only slightly
thickened oceanic crust overlain by a large thickness of
carbonate cover. The thicker than normal crustal section
has resulted from some process of crustal thickening such
as serpentinization. As is characteristic of oceanic
crust, subsidence has taken place, with the accumulation
of thick carbonate banks. The Moho beneath the Rise is
depressed relative to the adjacent Colombian Basin and
Cayman Trough in accordance with the principle of isostasy.
It is estimated to be about 22 km deep. |
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L, PREVIOUS WORK

In their regional study of the Caribbean geology and
geophysics, some investigators have made limited and often
contradictory remarks with regard to the Nicaraguan Rise.
Besides Arden's (1969, 1975) summary, there is no
comprehensive work, known to this writer, devoted
exclusively to the Rise as is the case with the other
tectonic provinces of the Caribbean.

In what is generally regarded as a major contribution
to the understanding of Caribbean crustal structure, Ewing
et al., (1960) made 48 seismic refraction profiles in the
western Caribbean Sea and in the Gulf of Mexico. Three
of the profiles were shot on the Nicaraguan Rise. These
are identified as V8-19, v8-20, Vv8-21 (Fig. 10).

They obtained a h-layer crustal structure consisting
of:

1. unconsolidated sediment layer (seismic velocity

1.7-2.2 km/sec).

2. Cretaceous to Tertiary sedimentary layer (vel.

3.9-4.8 xm/sec).

3. upper crustal layer or low velocity crustal layer

(vel. 5.2-5.4 km/sec.).
L, lower crustal layer or high velocity crustal
‘ layer (vel. 6.2-6.7 km/sec.).
The mantle was extrapolated to lie 20 to 25 km under the
Rise. Ewing et al., (1960) are of the opinion that parts
of the now submerged ridges (including the Nicaraguan Rise)

were land areas with volcanic activities. These volecanic
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centers produced the large volumes of Cretaceous and
Paleocene -~ Eocene pyroclastics found in the Caribbean
islands. They cite the existence of magnetic anomalies

as evidence that the ridges are volcanic and not foundered
continental material.

Arden (1969) postulates that the rise originated as
a mobile belt between crustal plates, in which a thickening
root of oceanic crustal material develops along the
boundary between plates with contrasting physical properties.
In this model magma originates through partial melting of
the hydrated upper mantle material along the axis of
deformation and the thickened crustal zone grows into an
island arc. He believes that most of the bulk of the Rise
is composed of basic igneous rock, both intrusive and
extrusive, overlain by 6-8 km of sediments in some places.

Freeland and Dietz (1971) have presented a possible
model of the geological history of the Caribbean, beginning
in the Paleozic, based primarily on plate tectonic theory.
A consequence of their model is that the Yucatan and
Nicaraguan blocks are old cratons which, by their movement,
formed the Gulf of Meiico before mid-Jurassic time.

Edgar et al., (1971) examined 30 seismic refraction
profiles located on areas of complex structure. They infer
from these and other geophysical data that the rise has a
four-layer crustal structure, as was earlier indicated by
Ewing et al., (1960). Their velocity structure, they
argued are comparable with those found in normal deep-
ocean basins, but the layers are consiaerably thicker
beneath the ridges. Concluding, Edgar et al., (1971)

postulate that the Caribbean is a relict of Mesozoic
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Pacific crust emplaced between North and South America
during separation from Europe and Africa.

Reviewing the geology of the Caribbean, Nagle (1971)
contends that the northwest Caribbean area (Cayman Trough)
is one of thin crust of oceanic type bordered by Cayman
Ridge and Nicaraguan Rise which have crusts of continental
thickness. He believes that sialic or "granitic" basement
is not present in the Greater Antilles, except perhaps in
western Cuba and possibly under the Cuban shelf, Cayman
Ridge and Nicaraguan Rise.

Arden (1975) states that the overall shape of the
Nicaraguan Rise is that of a thick, elongated crustal prism
sheared off along the northern and southern flanks. He
presents a crustal model in which the mantle, (velocity
8.1 km/sec), underlies a crust of thickness 22 km. Over-
lying the mantle, he has a crustal zone with a maximum
thickness of 19.5 km and averaging 13 km in thickness.
This layer, which he refers to as "Layer 3" or "oceanic
layer," has seismic velocities ranging from 6.2 to 7.2 km/
sec with an average value of about 6.7 km/sec. While
admitting that rocks representing a long Paleozoic history
exist in Central America and that the western end of the
Nicaraguan Rise connects with this segment of continental
crust, Arden (1975) believes that the shape and thickness
of the crust of the rise indicates that it is not a continua-
tion of these old rocks, rather its axial thicknes of 22
km and the relative thickness of the major crustal zones
is closer to subcontinental than to any type of continental
crust. He postulated that the Nicaraguan Rise is a
continuation of the Greater Antilles arc, which originated
in Jurassic time as a belt of thickened crust along the
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boundary of two oceanic crustal plates. This is based on
the fact that Jurassic clastics containing marine fossils
in Honduras indicate the existence of marine conditions
in the Caribbean before the end of Jurassic time. Evidence
for a pre~3urassic Caribbean Sea has not been demonstrated.
Perfit and Meezen (1978) analyzed rocks recovered from
80 dredge stations in the Cayman Trough. Some of these
dredge stations lie on the northern flank of the Nicaraguan
Rise. They found that the walls of the Cayman Trough (the
southern wall being part of the Nicaraguan Rise) are
composed of plutonic, volcanic, sedimentary and carbonate
rocks "typically found in island arcs and continental
margins such as the Greater Antilles and Central America."
They present a model in which the Cayman Ridge and
Nicaraguan Plateau developed as a single broad island arc
during the Laramide Orogeny. By late Eocene, an east-
west oriented fracture zone/spreading center zone had
developed between the ridge and the plateau. This is
perhaps the most important work to date on the Nicaraguan
Rise because it is based on a large quantity of rocks

dredged along the northern escarpment of the rise.
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5. METHOD OF INVESTIGATION

The first phase of this study examined the differences
and similarities between the Nicaraguan Rise and the well
known carbonate platforms - the Bahama Platform, the
Yucatan Platform and the Florida Platform. During this
phase, the bathymetry, gravity field, magnetic field,
seismic structure and tectonic style of the rise and the
other platforms mentioned above were examined with the
hope of applying the principle of analogy.

The Nicaraguan Rise has a well-defined linear
characteristic feature. This makes it reasonable to
apply 2-dimensional geophysical modeling on the rise.
several 2-D gravity models were made using the Talwani
et al., (1959) computer program. Some prominent magnetic
anomalies have also been modeled. The computations are
pased on Talwani and Hertzler's (1964) method. For these
models physical properties of rocks such as density and
magnetic susceptibility were obtained from the available
data or reasonable values assumed where there are no data.
These models were constructed subject to the numerous
constraints imposed by the independent data. Several models
with varying parameters were generated. Representative

models are presented in another section of this report.
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6. PRESENTATION OF DATA

Extensive archived data, both published and
unpublished have been used in this study. They include
primarily marine geophysical and geological data collected
between 1960 and as late as the summer of 1978.

The topographic, gravity and magnetic data presented
here are mainly from continuous measurements made aboard
ships of the Lamont-Doherty Geological Observatory
(magnetic tape provided by the National Geophysical and
Solar Terrestrial Data Center) and the Marine Science
Institute of the University of Texas (R/V Ida Green
cruises IG15-6, IG24-1, and IG29-4). The measurements
were conducted using the instruments and processing
procedures described by Ewing et al., (1960) and Shipley
et al., (1978). Continuous measurements made by the
following organizations (and reported in the accompanying
references) have been incorporated: Scripps Institution
of Oceanography Lusiad expedition (Caputo et al., 1964,
the Environmental Science Services Administration (ESSA;
Peter, 1971; Lattimore et al., 1971; Grim, 1970) and the
U.S. Naval Oceanographic Office (J.E. Matthews, 1976).

In addition, the seismic refraction results of Ewing et
al., (1960) and the continuous seismic profiler (CSP)
records of Ewing et al., (1960) and those obtained aboard
R/V Ida Green, are presented.

It is pertinent here to comment on the quality of
these data. As would be expected, the quality of the data
varies to some degree owing to the fact that their

acquisition spanned over a period of about 18 years. It
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ranges from fair to very good. The very early data may
have had large navigational errors. The recent data are
the best because navigational control by satellite has
helped greatly to locate precisely the position df a
ship at any point in time. Furthermore, ship-borne
geophysical instrumentation has become more reliable,
accurate and sophisticated in the last decade.

A careful examination of the geophysical data revealed
that while the bathymetric data agreed very well, there
was a significant but consistent difference between the
magnetic data collected on board the R/V Ida Green of the
University of Texas on the one hand, and those of the R/V
Vema and Conrad of Columbia University (see Table I).
This is attributable, in part, to the scheme applied in
deriving the residuals. A similar feature is observed in
the composite magnetic map of the Caribbean prepared by
Matthews (1976). There are sudden jumps of as much as
200 gammas in magentic contours as one moves from an
area surveyed by one investigator to another.

The data presented here include topography, magnetics
and gravity profiles. Sections of a recent continuous
seismic profile record is also presented. Results of the
seismic refraction surveys published so far on the rise
are summarized in Table 2.

In Fig. 5-9 are plotted bathymetry (D, in fathoms),
free air gravity (G, in mgals) and residual magnetic
anomalies (M in gammas) all against distance (in nautical
miles for Fig. 5, 6 and 7; kilometers for Fig. 8 and 9).
The respective cruises are indicated in bold letters.
Bathymetric profile is generally on top in the figures and
is the lightest of the three curves. The gravity profile
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(thicker curve) runs generally in the middle while the
magnetic profile (thickest curve) occupies the lower third
of each figure. 1In Fig. 5 to Fig. 7 the vertical scales
have been arranged such that magnetic scale is on the
inside, gravity scale in the middle and the bathymetric
scale on the outside. A more detailed description of this
method of presentation is given by Talwani et al., (1974).

a. Topographic Data

The profiles presented her show clearly the rough
topography of the rise as compared to the Colombian Basin. -
The sudden drop in elevation from the rise into the Cayman
Trough is well illustrated in Figs. 5-9 whereas the rise
descends into the deep Colombian Basin in a series of
steps. The rise is characteriged by a principal crest
to the north and a second local crest to the southeast
with a saddle centered around the Pedro Bank Fracture zone
between these crests. Many anomalous topographic features
which appear to be intrusives exist on the rise. Notable
depressions include the Pedro Trough southwest of Jamaica
and the graben trending northsouth near longitude 81.6°
west. The latter is about 2.4 km deep. There are some
areas with fairly flat tops - a feature that is characteris-
tic of carbonate banks. These flat-topped areas of the
rise, however, are not as shallow as the other banks, for

example the Yucatan platform.

b. Gravity Data
The gravity field of the Nicaraguan Rise was discussed
by Case (1975), Arden (1969, 1975), and Bowin (1968, 1976).

A free-air anomaly map (Fig. 3) and a Bouger anomaly map
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Rise (after Bowin, 1976?. Contour interval

50 mgal. Areas of maximum and minimum gravities
are dotted and striped respectively. A cross-
section along A-D is modeled in Fig. 18.
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(Fig. 4) were produced by Bowin (1976) from the available
gravity data. The sources and methods of collection of
these data are extensively discussed by Bowin in the text
accompanying the map (1976). The high quality of the
data gives one some measure of confidence despite the

paucity of measurements.

Free-Air Anomaly:

The Free-air anomalies over the Nicaraguan Rise range
from -50 to +50 mgal, with values rising to slightly over
+100 mgal on the island of Jamaica. More than two-thirds
of the area have free-air gravity values ranging from O to
+50 mgal. The areas of O to +50 mgal include the entire
coastal area of Honduras and Nicaragua and the crestal zone
of the rise stretching from the northeast corner of
Nicaragua towards the island of Jamaica. Another band of
positive free=-air anomaly closely ﬁhrallels the southwest-
northeast trending physiographic boundary between the
Nicaraguan Rise and the deep Colombian Basin.

Negative free-air gravity anomalies varying from =50
to O mgal are concentrated in the northeast corner of the
Rise. These include (1) a segment to the southwest of
Jamailca trending parallel to the Cayman Trough, (ii) a
segment to the south of Jamaica concentrated in the Pedro
Trough, and (iii) a southwest-northeast trending band
which appears to be centered over the Pedro Fracture Zone.
Other isolated highs and lows are scattered ove the Rise
especially to the southeast. These appear to be associated
with the numerous seamounts and volcanic islands which have

been mapped in this region (Case and Holcombe, 1977:;
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Christofferson and Hamil, 1978). The tongue of negative
free-air anomaly trending north along longitude BOOW is
centered over a graben recently mapped (Christofferson,
person. comm, 1980). The free-air anomalies measured in
Jamaica appear very similar to those observed in both
Hispaniola and southeast Cuba. The free-air anomaly
pattern is fairly unusual in the northeast corner of the
Rise where positive values have been observed over deeper
waters. This may be the effect of shallower Moho, the
lack of sediment cover, or a combination of all of the
above.

The gravity profiles shown in Figs. 5 to 7 indicate
that most of the prominent peaks and troughs are related
to anomalous topographic features. For example, the +130
mgals free-air anomaly located near latitude lQ.HQN,
longitude 81.1% (Fig. 5) is attributable to the correspond-

ing anomalous topographic feature at the same location.

Bouguer gravity anomaly:

The Bouguer gravity field of the Nicaraguan Rise
appears fairly simple. Low but positive values of O to
+50 mgal cover the entire northeast section of Honduras
and Nicaragua extending offshore to about 350 km in the
northeast and 160 km to the east. From the west, the
Bouguer anomaly values become more positive in all the
dgher three direction, rising rapidly to cover +300 mgal
in the Cayman Trough to the northwest. They increase more
gradually to over +200 mgal in the Colombian Basin in the
southeast. In the northeast, a broad region of +50 to +100
mgal extends beyond the island of Jamaica. This zone is

punctuated by an almost circular patch of +0 to +50 mgal
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Fig. 4 Bouguer gravity anomaly map of the Nicaraguan
Rise (affer Bowin, 1976). Contour interval 50
mgal. Area of maximum Bouguer anomaly is striped.
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centered over Pedro Trough to the south of Jamaica.
Besides the northeast and northwest sections of Jamaica,
the +50 to +100 mgal band encloses the island. The
Bouguer anomalles over the rise are generally more negative
than the surrounding Colombian Basin and Cayman Trough by
about 200-300 mgal. Case (1975) has suggested that this
may be the effect of differences in water depth. (The
Bouguer effect of a 3.0 km slab is 207 mgal (density =
2.67 gm/cm3)'and'the adjoining basins are about 3.0 km
deeper than the Nicaraguan Rise). However, Bouguer
anomalies are used to estimate depth to Moho, and a 200~
300 mgal difference means the Moho is about 12-18 km
deeper beneath the rise.

The free-air and Bouguer gravity anomalies suggest that
(1) the Nicaraguan Rise is a piece of crust wedged in
between the deep Cayman Trough and Colombian Basinj; (ii)
the structure more than anything else appears two-dimen-
sional with its axis trending northeast, (11i1i) the con-
tinental crust beneath the coast of the northeast corner
of Nicaragua and Honduras probably extends far into the
Nicaraguan Rise in a more or less north-easterly direction
and (iv) the island of Jamaica does not appear to be
underlain by the same crust that underlies the rest of the
Nicaraguan Rise, rather by a crust similar to that beneath

Hispaniola and southeast Cuba.

c. Magnetic Data
The Nicaraguan Rise is generally magnetically quiet
and is characterized by apparently non-linear anomalies

that appear to correlate with some irregular topographic
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highs and lows. The complexity of the magnetic field

over this area certainly reflects the structural variability
of the underlying crust. The magnetic map of the Caribbean
(Matthews, 1976), based on data collected by several
investigators, has been of limited use. There are sudden
Jjumps in isochrons as one moves from an area surveyed by

one investigator to that of another.

All magnetic data collected on several research
cruises in the Caribbean indicate that generally the
anomalies average about 300 gammas, peak to trough, except
some scattered unusually large anomalies, few of which
appear related to anomalous topographic features. Five
magnetic profiles, (Figs. 5, 6, 7, 8 & 9), widely spaced
across the Nicaraguan Rise, are representative of the
magnetic field. Iﬁ Fig. 5 (C1012) the smooth simple
magnetic field over the Colombian Basin becomes disturbed
as one moves across to the Nicaraguan Rise. Though most
of the magnetic highs and lows appear to be related to
some topographic anomalies, the magnitudes of some of these
magnetic anomalies are not proportional to the corresponding
anomalous topographic feature. For example, a pronounced
topographic feature centered near 12°201N, 81°6'w, ("A" in
Fig. 5) with a relatively large gravity anomaly (+130 mgal)
appears to correlate with a smaller magnetic anomaly than
does a less pronounced feature at 12058'N, 81%01w (Just
next to "A"). Similar cases exist on the other profiles.
In(fact, some positive anomalous topographic features do
correlate with very large negative magnetic anomalies
(anomaly B, Fig. 7). Some of these anomalies will be

re-examined later. In Figs. 8 and 9, taken from recent



‘osTYy uenSeIBOTN OY)} SS0I0E 2OVIA
yoeaq Juotre serryoad oryeulew pue A3TaRad ‘ortajeuwlyjzeg 9 °*Irg

i MMHHS Oo_w. i 1 5 & i i : Oo.¢. F s 'y " i 4 oo.m- i 1 1 L " ¢ ‘ " i
LI & & X 536 @& & I > ® & © ©
B Bewel B8 8% 88 8R4
[ P T T - TR T TN BV SN
5 s b M ey by H H“ ~ m © P . © < © ER N
W " m o >.ha .ab ol n mw_ . 'y _ﬂw e .m A\ “V ”N M“v .% 79\;?
s Bl [ NESNERWNES AWV o | o\
L BT \ i(f / N [ NEAUR
TR AL AR A G v
N (] ol
0Bl B | -l
Nm ° M \) A - \ A X
DB P4 (VT Y A L L
S L ET IAEEEY
i A
3 ﬁm f ~
S el A
sk F ﬁ
@ w ~ Va
mm © , ~ | WAy
s k| [CORSAD "
38 VA Vi |
. A\
AR F 62, K e 92 g2
o o Ll WY 8l 6., 08-, 18-,
8 €l TN 9l, LI, 8l, él, 0z,
[ .Q.O.gk. s 1 i 4 1 4 i 1 i i i




28

‘umoys ST ,g, ATewour OTYOUTE) *OSTY UBNIRIBOTN oYU} SS0I0E
80924 ovI} JuoTe saTTFoxd oTgeudew pue A4TARII ‘otagewdlysreg L °ITd

SATI 009, e 0QY, o, 002
| b » I 3 & 6 © o
RS 5 s % B > 88
LB |y yoo& 3 - & & T
s A A AL\ H 8 s H
31 3 o ~d ! 1 :
Y 8 o 1(/ M [ Q?wg L>4ri > [ 1\_r>\f> \Q/.f
gl B I\ v AL LV \ [ VA
£ B L A | \ \| . \ Y™ 1/
W 1© N
!Lm b :m Vs TN e ﬁ RA
w0 L N R Wi
S o B Ml | A \J N / Wl \
IR ERNARVAY Y \/
gl B /1l 1V 1A
(+] N .« 2
b | am
o) ° ] Y , N v 21
mm | i
—B T8 74.{? ,
o B / ) ﬂ
e . B 8092A Y/ L[ VT ' \
S Is | My | ] Wl
AN 62l [0} 1!
. S5 Gl 9L 12--8. 6. 08B- 18-, 8-
3 n [ FAR A Bl 61,

9K,




29.

*9STY
uenBereoTN oyj SSOIde T-tgHI WoBI3 Buore sdTTFoxd OTjouTew pue oTaqeuwAyzed @ °3Td
Ot¢ 00¢ 042 ore oLz o8 0§t 0zl 06 &o om 0
|l¢ * A L A oo Y
. N
i & j
: ®
“ P

008

%
o
o
©
SYWWYD NI SDILINOYW

Hid3Q

{w)




‘umoys ST D, ALTewoue OTqouBen
QU3 SSod0® f=62HI NoBIY} TJUOTE seTTgoxd oTgeuBew pue OTJ3ouwlyjzed 6 °"ITd

ogCy

P

WM
0

D
P el
o™

*98TH uendeIECOTN

L 3

ool . 0

v ¥

006§

|

\

T~ osi1D

CLL v

kA

v-6C91 B

00y~

002~

002+

1S

SYWWVYOD



31.

Ida Green cruises, the general characteristics of the
magnetic anomalies are still the same as those in Figs.

5, 6 and 7, even though absolute values of the anomalies
differ as explained earlier. The extremely rough nature
of the magnetic field over the rise coupled with the
paucity of the data available to date can only permit a
generalized interpretation. A more detailed and definitive

interpretation must await further detailed survey.

d. Seismic Data

Ewing et al., (1960) made several seismic refraction
profiles in the Caribbean Sea. Three of their profiles
(19, 20 and 21, Fig. 10) are situatedv on the Rise. Other
profiles, such as (23, 32, 35, 36 & 85), shot during the
same survey, are located somewhat on the periphery of the
rise. This second group of profiles has not been used
in this study because they are shot in a highly disturbed
marginal zone which may not be typical of the rise.

The result of these seismic surveys are summarized
in Table 2. They all support a four-layer crustal model
with a maximum thickness of 22-25 km. The mantle 1is
overlain by a 6.2-6.8 km/sec main crustal layer. Thickness
of this is variable but does not exceed a maximum of 19.5
km (Arden, 1975). Above this is the upper crustal layer
with seismic velocity of 5.1-5.8 km/sec. Its maximum
thickness of 4.5 km is reached beneath the region between
the‘two crestal zones. Above this there are two layers
with a2 high variability of velocity and thickness. Velocity
in the lower zone varies from 3.4 km/sec to 4.8 km/sec while
the top layer has velocity ranging from 1.7 km/sec to 2.2

km/sec.
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Edgar et al., (1971, Fig. 9, p. 844) tried to compare
various provinces of the Caribbean with standard ocean
basin. Their figure (Fig. lla) gives the impression that
the "average" Nicaraguan Rise is more than 3.0 km deep
and that the Rise and Beata Ridge have identical velocity
structure. Fig. 1lb shows what we consider an "average"
velocity structure of the Nicaraguan Rise based on the
available seismic data. The rise is much shallower,
average velocities slightly different, and depths to
interface significantly different than normal ocean.
Figure 1llb also shows clearly the differences between the
structure beneath the rise proper and the region east of
the island of Jamaica.

Sections across the rise show that the underlying
crust is arched upwards in two zones - in the northwest
and southeast - with a great depression between these
bulges (Ewing et al., 1960; Edgar et al., 1971; Arden,
1969, 1975). Figures 12 and 13 show segments of a
continuous profiler record obtained on a recent cruise
(R/V Ida Green, IG‘29-4) écross the rise. The profile
extends in a southeast-northwest direction across a portion
of the Colombian Basin, the Nicaraguan Rise and the Cayman
Trough. The abyssal plain surface in the southeast is
fiarly flat with a slight slope towards the rise. An
irregular reflecting surface, a major unconformity in
the section, dips southeast beneath the abyssal plain.
This interface can be traced to a short distance from the
southeast end of the section where it disappears beneath
thick sediment cover. This same reflecting horizon continues
as the surface of the scuth flank of the Nicaraguan Rise.
The slope of the rise here is devoid of sediments. But
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for a few sections, the reflecting surface appears to be
traceable all through this section of the Nicaraguan Rise.
At some locations, thick sedimentary layers can be
observed above this interface, but at other locations it
forms a rugged surface of the rise with no apparent
sediments beneath it. The sediments trapped between the
highs of this unconformity tend to form perched plains.
This same interface has been observed by other investiga-
tors (Rezak et al., 1972; Case, 1975). The nature of this
reflector is not known but its surface is rough, and
compares well with a similar interface identified as
basement in the adjacent Colombian Basin by Houtz et al.,
(1977). The prominent reflectors A" and B" do not appear
in these sections nor those of Rezak et al., (1972). The
seismic reflection record in Fig. 14 is taken across the
southwest section of the rise along track C1l012. The
sedimentary layer with varying thickness is clearly
delineated in this figure. The zone of the magnetic
anomaly, "A" discussed above and modeled in another section
of this report is shown. The irregular reflecting surface

again manifests itself here.
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Te GEOPHYSICAL MODELING

8. Magnetic Models.

One of the major questions yet unresolved on the
Nicaraguan Rise is the origin of the magnetic anomalies.
Are they due to geomagnetic field reversals, characteristic
of the ocean floors or are they due to shallow-seated
variations in magnetic susceptipility due to (1) volcanic
or near-surface intrusive activity and/cr (2) shallow
structural irregularities in a material with relatively
high susceptibility?

To investigate this, three interesting and prominent
anomalies were selected from the profiles for detailed
study and modeling. These are marked A, B and C in Fig.
5, 7 and 9 respectively. Anomaly A (Fig. 5) located
near 12°20'n, 81°6'W, is rather small in relation to both
the topographic and gravity anomalies to which 1t is
related. The seismic profiler record and the gravity
anomaly at the same location indicate that this anomalous
topographic feature may be (1) an intrusion of a dense
material, (2) a surfacing of basement or (3) a volcanic
eruption. The magnetic anomaly here has a steep gradient

5

of about 33 gammas/km (1 gamma = 10"° oersteds).

Simple magnetic models of anomaly A were made (Figs.
15a and 15b. A basic assumption of the modeling exercise
is that the body causing the magnetic anomaly in each case
is uniformly magnetized. The body is also assumed to be
two-dimensional. The computations are based on the method
of Talwani and Heirtzler (1964). Both cases of induced

and remanent magnetization (NRM) with both normal and
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reversed fields were examined. For each anomaly, the

effect of varying parameters such as susceptibility,
inclination, declination and thickness of the causative
body, was examined. In Figs. 15a and 15b, we assumed that
the anomaly is due principally to the magnetization of the
top 2 km of the crust beneath the sediment layer as revealed
by the seismic profiler record. The geometry of the
anomalous body was kept very simple while its magnetic
susceptibility was varied. In Fig. 1l5a, we assume the
anomaly is induced, and show models for several values of
susceptibility, an
this location was assumed to be 43,000 gammas and the dip

300. Fig. 15b shows the case of remanent magnetization.

The present geomagnetic field at

Here again, the bulk of the anomaly is believed to be
caused by the top 2 km of the crust beneath the sedimentary
cover. The present geomagnetic field is the same as
described above. The strength of magnetization of the
body was set constant at 0.005 e,m.u./cm3, while the other
parameters, dip and declination, were varied as shown on
the diagram.

We do not expect magnetic modeling to yield unique
solution to the observed anomalies. However for any given
causative body, it can be employed to eliminate a great
number of solutions that are not compatible with the
observed data. It is evident here that the simple model
in Fig. 15a does reproduce the gross character of anomaly
A especially when the susceptibility 1is about 0.005 e.m.u.

Anomaly B (Fig. 7) which has a range of about 750
gammas is the largest anomaly observed on any of the

profiles presented here. The minimum value of ~780 gammas



L,

is centered around 16.80N, 75.6°w. The anomaly has steep
gradient on both sides with one oscillation on the left
shoulder. Figs. 16a and 16b show the simple two-dimensional
magnetic model of this anomaly. Here again it was assumed
that the magnetism resides in the top 2 km beneath the
sedimentary cover of the crust. The geometry of the
causative body presented was based on information obtained
from the seismic profiler record.

- Results of the computations here indicate that
induced magnetism alone cannot produce anomalies of the
same maéﬁitude as observed here, given the magnetic
properties of prevailing rocks in the area (Edgar et al.,
1973). The remanent magnetization models (Fig. 16b)
however, do reproduce the general character of the anomaly.
The effect of varying the parameters of the magnetization
vector is illustrated in Fig. 16b. The best fit is
obtained for I_ = -30° and D_ = 0°.

Anomaly C, centered around 15.6°N, 78.low, is one of
the anomalies that appear very large in relation to the
topographic anomaly to which they could be related. It
has a steep gradient of about 30 gammas/km on both sides
and dips to a low of less than 450 gammas in an area with
an average magnetic anomaly of about 700 gammas.

Simple magnetic models of this anomaly are illustrated
in Fig. 17a and 17b. Again, the geometry of the causative
body is fixed in part by the results of the seismic profiler
recérd which delineates an interface beneath a thin
sedimentary cover. The effects of varying the susceptibility
of the magnetic material is shown in Fig. 1l7a while in
Pig. 17b the parameters of the magnetization vector are

varied. It is obvious here that the anomaly is best
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200 T Xm=0.003 Xm=0.005
0 P i e . p— :
20 40 60\ 80 100 \/' Kf
.-200 =
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0 \ g } t 4
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Fig. 17a Magnetic models of anomaly C: Induced

magnetization. Xm varying as shown.
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-400—+

1

Fig. 17b Magnetic model of anomaly C: RNM case. D , I
varying as shown.
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simulated by the case of remanent magnetization (Fig. 17b).
To generate similar models from induced magnetization,
unreasonably large values of magnetic susceptibility would
be used. Such models would not be compatible with observed
data, (Lowrie and Updyke, 1973).

In 2ll we observe that anomaly A is best simulated by
induced magnetization alone, while anomalies B and C are
simulated by the case of remanent magnetization. Further-
more, anomaly B corresponds to a magnetization vector with
parameters Ir = -300, Dr = 0° while anomaly C corresponds
to a magnetization vector with I = 30°, D, = 180°. The
magnetic models presented here lead one to conclude that
the magnetic anomalies in the Nicaraguan Rise are not
entirely due to shallow-seated variations in magnetic
susceptibility as proposed by Ewing et al., (1960).

(Note, however, that in 1960 variations in susceptibility
were being proposed as the reason for magnetic stripes in
the ocean; 'NRM effects" hadn't been "discovered" yet.)
Instead, these fits indicate that some of the anomalies
are attributable to remanent natural magnetization "frozen
into" the crust as the newly generated material cooled
through the Curie temperature. It will be interesting to

carry out further detailed survey of these zones of

geomagnetic field reversals.

b. Gravity Models
In modeling the observed gravity anomalies here, two
basic principles were adopted: (1) to present as simple
a model as possible that is consistent with the observed

data. No doubt, it is possible that a more complicated
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model can reproduce the general features of the observed
data, but it is questionable whether the available data
make such a body geologically more reasonable than the
simple model. (2) to utilize as many independent data as
possible. It is well known that potential field problems
in geophysics do not have unigue solutions. However, the
more controls (by way of independent data) one has, the
better the model.

A knowledge of the density distribution in a region
is very critical for any gravity modeling. Actual rock
samples recovered from the Nicaraguan Rise are very few.
In such a situation, density values can only be obtained
by an indirect method. Densities used here have been
derived from the seismic refraction results utilizing the
empirical relationship between compressional wave velocity
and the rock density (Nafe and Drake, 1967; Hamilton, 1978).
Fig. 10 shows the location of the three seismic profiles
shot on the rise proper. A generalized section, (A-D)
across the rise, was selected close to these seismic
profiles. This enhances our confidence in the densities
used in the models.

The seismic surveys (Ewing et al., 1960) have
delineated several interfaces thus giving the thickness
of most of the upper layers. Unfortunately the deepest
crustal layer has not been well determined because the
mantle has not been sampled anywhere on the rise. The
deﬁth to the mantle and the mantle velocity beneath the
rise have only been estimated by various investigators
(Ewing et al., 1960; Arden, 1969, 1975; Edgar et al., 1971).
They all estimate the crust here to be 22-25 km thick.
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Demenitskaya et al. (1969) derived empirical
relationships between crustal thickness and Bouguer gravity

anomaly and elevation. The equations are:

H =35(1 - tanh 0.0037Ag) -=-==—mmm=cemaeu- (1)

H = 33 tanh ( 0.38An - 0.18 ) + 38.0=mccman- (2)
Where

H = total thickness of the crust, km

A g = Bouguer gravity anomaly, mgal

Anh = height above the sea level, km
These equations have been known to give accurate results
(Woolard, 1959, 1969). Table 3 shows representative values
calculated for assumed gravity and elevation. Values
similar to those found on most parts of the rise indicate
that the crust beneath the rise can‘be anywhere from 18
km to 28.6 km thick.

In Fig. 18 to Fig. 20 are shownvstructural models
compatible with the seismic, topographic and magnetic
data. In model 1 (Fig. 18), the mantle is overlain by a
main crustal layer (density = 2.80 g/cmB). This layer
has a variable thickness with a minimum of about 8.0 km
between the two upward bulges. The overlying upper
crustal layer (density = 2.60 g/cm3) abutts against the
southern upward bulge of the lower crustal layer. This
upper crustal layer is in turn overlain by the basement
(density = 2.45 g/cm3). Sedimentary layers of various
1evéls of consolidation complete the seguence. Densitiles
here vary from 2.00 g/cm3 to 2.02 g/cm3. The Moho is
assumed to be 20.0 km deep.

In model 2 (Fig. 19), two major differences are
introduced: (a) the Moho is now deeper (25.0 km) and
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CRUSTAL THICKNESS CALCULATIONS
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A. Based on Bouguer Anomaly

H =.35 [ 1 - tanh (0.0037Ag) ]

Ag (mgal) H (km)
+300 6.9
+200 12.98
+100 zz'é}jNic. Rise
+50 28.6.
0 35.0
-100 Lr.4
-200 57.0
-300 63.1
B. Based on Elevation
H =33 tanh [ 0.38An - 0.18] + 38
Ah (km) H (km)
-5 6.01
-3 9.4
-2 13.7]
-1 01.2 Nic. Rise
o 32.1
+1 Ly 5
+2 55.2
+3 62.6
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(b) the upper crustal layer of the Nicaraguan Rise 1is
continued into the Columbian Basin. There is also a slight
variation in the density of some layers as noted on the
figure.

The model 3 (Fig. 20) presented here shows the effect
of varying the densities of some of the layers while
retaining the other parameters, particularly the depth to
the Moho.

'We note here that there is a more pronounced mismatch
between the theoretical free air anomaly and the observed
near the boundary between the Nicaraguan Rise and the
Colombian Basin otherwise called the Hess Escarpment. This
is explained by the fact that sharp edges such as the
Hess Escarpment behave as points of singularity in gravity
modeling.

Our results here indicate that models 2 and 3 fit the
observed data best, while model 1 deviates most from the
observed. The best models indicate that the crustal layer
extends to a depth of about 25 km in the central region of
the rise and shallows to less than 18 km beneath the
adjoining basins. Since there is no significant difference
between models 2 and 3 we shall consider model 3 (Fig. 20)
as our best fit. The model is compatible with the idea
that there are two upward bulges of the crust beneath the
rise. The sedimentary layer is thickest just before the
rise finally drops into greater depths in the southeast.
The basement has its largest thickness in the central zone
but thins rapidly above the upward bulges of the underlying
crustal layer. The rise is devoid of any sedimentary cover

in a number of locations. The upper crustal layer
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disappears over the southern bulge of the crust.

I should point out that my preferred model presented
here is Jjust one of several possible models. Further
improvements on this model can be made as more data
become available on the rise. It is also pertinent to
note here that what I have presented is a generalized
model. The actual picture beneath some of the anomalous

topographic features may be different.
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8 ORIGIN AND TECTONIC HISTORY OF THE CARIBBEAN

A number of theories have been proposed to explain
the origin and tectonic history of the Caribbean. Ewing
et al. (1967) concluded that the Caribbean is an ancient
craton that has undergone vertical tectonic deformation.
This is not consistent with the velocity structure and
other geophysical data obtained from the area. Edgar et
al. (1973) and Malfait and Dinkelman (1972) on the other
hand, believe that the Caribbean is a relict of a Mesozoic
Pacific e¢rust that was emplaced between North and South
America. This model does not account for the presence of
the continental crust in the central Americas satisfactorily.

According to the hypothesis of sea=floor spreading
(Dietz, 1961; Hess, 1962), new oceanic crustal material is
generated in the mid-ocean ridge. This spread laterally
into the ocean basins to be assimilated into the mantle
or continental crust at plate margins. As a result of the
fundamental differences amongst the prevailing geologic
processes the crustal structure beneath the ocean basins
is significantly different from that beneath the continents
(Gaskell et al., 1958; Raiit, 1954, 1963; Shor, 1960).

Most of the ocean basins is underlain by a crust
which has a seismic Layer 2 of variable velocity ranging
from about 4.0 to 6.0 kxm/sec and a seismic Layer 3 or
oceanic crust that has a velocity range of 6.6 to 6.9 km/
sec. The upper layer has a fairly variable thickness but
averages about 1.75 km. The underlying Layer 3 has a more

uniform thickness of about 5 km. Major departures from
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the typical oceanic structures are usually associated with
continental margins (Nafe and Drake, 1969; Houtz and

Ewing, 1963), the mid-ocean ridge (Raiit, 1956; LePichon
et al., 1965; Talwani et al., 1965), and other topographic
features such as seamounts. Continental crustal structure,
on the other hand, is characterized by a sedimentary layer
of average thickness 2 km underlain by a continental crust
which has a velocity range of 5.5 to 7.0 km/sec.

The results of this investigation and the works of
others indicate that the Nicaraguan Rise is certainly not
continental but has a layered crustal structure similar in
many respects to oceanic structure. Abnormally thick
crust is not unique to the rise. In a study of the North-
west Pacific Basin, Den et al., (1969) observed that the
depth to mantle is at least 22 km near the crestal zone
of the Shatsky Rise. This pronounced crustal thickening
beneath the rise, they argued, is associated mainly with
a 7.3 to 7.8 km/sec layer intermediate between the main
crustal layer (Layer 3) and the upper mantle.

We note that (1) the crustal thickness of the
Nicaraguan Rise is intermediate between that of a normal
oceanic crust and a continental one (2) the velocity
structure beneath the rise is closer to a normal oceanic
crust than a continental one. (3) the magnetic pattern
though apparently not symmetric or linear has magnitudes
not markedly different from the 300 gammas range character-
istic of ocean floors (4) typical rough oceanic basement
surface has been observed on the reflection records
presented here and elsewhere (Rezak et al., 1972) and (5)

some magnetic anomalies modeled in this study are
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consistent with the idea that they originated as a result
of sea-floor spreading.

T therefore postulate that the Nicaraguan Rise
originated as a normal oceanic crust by a process of
sea-~-floor spreading with the east-west spreading center
located in the low northern or southern latitudes. This
crust has subsequently been modified by tectonic and other
processes resulting principally from plate boundary
interactions. Interaction can explain some of the
differences between the crustal structure of the Nicaraguan
Rise and that of a "normal" ocean basin. It is my opinion
that the Rise and the adjacent areas of the Caribbean now
form an inactive back-arc basin entrapped by the inactive
island arc that formed the northern boundary of the
Caribbean plate. The island arc was formed by the southerly
subduction of the North American plate (Perfit and Heezen,
1978; Mattson, 1974; Donnelly, 1968; Arden, 1969, 1975).
This plate convergence during the Cretaceous led to the
formation of a chain of volcanic islands (volcanic arc)
to the south, along the North American - Caribbean plate
boundary. Numerous ophiolite-like outcrops that fringe
north Caribbean margin are believed to reflect a Late
Cretaceous closure of this subduction zone (Perfit and
Heezen, 1978). The onset of relative eastward movement
of the Caribbean plate may have caused a reduction in
volcanic activity in the Greater Antilles in Early
Tertiary. On the whole, the relatively short episode of
subduction was successful in modifying to a large extent
thé existing crustal structure of the area. The conversion
of upper mantle material to lower crustal rocks thus leading

to a thickening of the oceanic layer is believed to have
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¥ SUBDUCTION
LONE

&\~ SPREADING
CENTER

A. Cretaceous subduction of the North American plate
beneath the oceanic Caribbean plate.

B. Left-lateral motion begins in the Cayman Trench fault
in Early Tertiary. By Late Tertiary Cayman Spreading
center is developed. Subduction and volcanism now
intensified in the Middle Americas Trench.

Fig. 21 Origin and Tectonic history of the Nicaraguan Rise.
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taken place during this event. Rock samples recovered

from the southern scarps of the Cayman Trough include
andesites, greenschist volcanics and some deep open-sea
limestones (Perfit and Heezen, 1978). Greenschists and
andesites are well known rocks assoclated with island

arcs (Mitchell and Reading, 1971; Uyeda and Kanamori, 1979).
Though the data is still scanty, the presence of deep-open-
sea limestones is consistent with the idea that the rise
_has undergone an uplift thus resulting in its present

shallow characteristic.
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9. SUMMARY AND CONCIUSIONS

Within the limits of the data available, a number of
conclusions can be made about the nature of the crust
beneath the Nicaraguan Rise. The results of this
investigation and the work of others indicate that even
though the rise is underlain by a thick crust (22-25 km
thick), it is certainly not continental in nature. Rather
I believe it is thickened oceanic crust. In my view
the original oceanic crust was modified and thickened as
a result of plate convergence in which an oceanic part of
the North American plate was subducted beneath the oceanic
Caribbean plate. The magnetic field of the rise is very
rough and data sparse, yet I have identified some magnetic
anomalies that suggest the presence of normal and reversed
magnetization. Thus the oceanic magnetic pattern
identified in the Colombian Basin may have extended west-
ward to the Nicaraguan Rise but has not been modified by
subsequent tectonic events. The magnetic evidence here is
fairly speculative and we hope this will stimulate further
detailed work in the area. Our investigation has not
revealed any unusually thick layers of carbonates, except
in a few isolated locations. 1In this respect the Nicaraguan
Rise is guite different from large carbonate banks such as

the Bahamas, the Yucatan and the Florida Platform.
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