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Gravity and magnetic data from cruises by the R/V Yaquina in 1973

and the R/V Wecoma in 1975 provide new data that make possible the con-

struction of a map of the free-air gravity anomalies at sea and simple

Bouguer anomalies on lano in Panama, western Colombia, and the eastern

Panama Basin, The gravity measurements and a wide angle reflection

line provide data toconstruct a crustal and subcrustal cross section

that starts at 6°N latitude, 80°22.7'W longitude in the Panama Basin

and extends 800 km along a line which strikes N19°E across the Gulf of

Panama and the Isthmus of PanaTn to. the Colombia Basin.

Two important features in the gravity map are the -90 and -100

mgai lows, oriented approximately east-west at 7°N and at 1O°N 1atitude

It is postulated that the southern low reflects a downwarp of the

Oceanic crust and the northern low reflects a shallow subductjon zone,

Filtered magnetic anomalies and seismic refraction measurements

support the conclusion that a piece of the oceanic crust which origin-

ated at the Nazca-Cocos Rift, forms the upper part of the continental
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shelf in the Gulf of Panama, The northernmost magnetic anomaly) ap-

proximately 50 km south of Panama City, is identified as anomaly number

9 in the geomagnetic scale and indicates 30 million years in age for

these rocks which form part of the continental shelf of Panama.

The model crustal cross section indicates a maximum thickness for

the crust of 25 km for the Isthmus of Panama and a thickness of 17 km

for the crust of the Gulf of Panama.

The data and the model suggest that both a collision and subduction

mechanism may be necessary to explain the tectonics and geology of the

area.



The Crustal Structure and Tectonic Framework
of the Gulf of Panama

by

Luis Alberto Briceño-Guarupe

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Completed November 1978

Commencement June 1979



APPROVED:

ssocia essor of Geophysics in charge of major

ean ot Sctiool ot Uceanograp

n ot irauate cnoo

Date thesis is presented

Typed by Karen Bland for Luis Alberto Briceno-Guarupe

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy



ACKNOWL EDGEMENTS

I wish to express my gratitude to Dr. Richard W. Couch, my ad-

visor, for his guidance and assistance during the realization of this

thesis.

I am also grateful to Frances Boler for her valuable criticisms,

and her help with my English that has made this thesis understandable.

Darcy Burt and Barbara Priest drafted all the figures. I express

special thanks to them for their skill and patient correcting of my

mistakes.

I thank Gerald Connard who helped me overcome several computer

related problems.

I extend my gratitude to the people of the Departamento de

Geociencias de la Universidad Nacional de Colombia in Bogot for their

constant encouragement.

My wife, Betania, and my son, Diego, deserve special mention for

their patience and understanding during the time I was doing this

thesis.

During part of my tenure as a graduate student I was the

recipient of a scholarship from the Instituto Colombiano de Especial-

izacion Tecnica en el Exterior (ICETEX.).

This research was supported in part by the Office of Naval

Research, contract N000l4-76-00067 under project NR 083-102.



TABLE OF CONTENTS

INTRODUCTION

Page

1

PREVIOUS GEOPHYSICAL AND GEOLOGICAL WORK IN
PANAMA AND WESTERN COLOMBIA 4

Bathymetry and Physiography 4

Gravity 7

Magnetism 8

Seismicity 11

Reflection and Refraction Profiles 11

Heat Flow 14

Land Geology and Tectonics 14

DATA SOURCES 23

Gravity Data 23

Seismic Data 26

Magnetic Data 26

DATA INTERPRETATION 28

The Gravity Anomaly Map 28

Wide Angle Reflection Profile 34

Magnetic Profiles 37

CRUSTAL MODEL 40

GEOLOGIC AND TECTONIC INTERPRETATION 51

CONCLUSIONS 63

BIBLIOGRAPHY 65



LIST OF FIGURES

Figure qe

1 General tectonic framework of Western Colombia and
Panama 2

2 Physiographic map of western Colombia and Panama 5

3 Bathymetric map of western Colombia and Panama 6

4 Location map showing the location of the gravity
measurements 9

5 Index map showing the location of the crustal cross
section, the seismic control points and the lines of
projection of the magnetic data 12

6 Generalized geology and structural map of western
Colombia and Panama 16

7 Projected magnetic profiles A, B, C, and the corres
ponding theoretical magnetic profile 27

8 Gravity anomaly map of western Colombia and Panama 29

9 Diagram showing a) the Wide Angle Reflection record
at station 823, b) its interpretation, and c) the
computed structure 35

1) Filtered and upward continued magnetic profiles
A, B, C and the corresponding theoretical magnetic
profile 38

A geophysical model crustal and suhcrustal cross
section along profile AA' 41

General geologic cross section along profile AA' 53

Relative positions of North and South America at four
different periods of time 55

Cross sections showing the tectonic evolution of the
isthmus of Panama from 11 million years to 3 million
years B.P. 59

15 Mp of the postulated tectonic configuration of
Jester Colombia and Panama 61



LIST OF TABLES

Table Page

1 Land gravity base stations used during Weloc-75 23

2 Refraction parameters from WAR line at shot
point 8-23 36

3 Interpretation of WAR line 8-21, at 5°51'N Lat.,

80°30'W Long. 43

4 Interpretation of WAR line 8-22, at 6°26'N Lat.,

80°17'W Long. 44

5 Seismic refraction results at points B and B' 50



THE CRUSTAL STRUCTURE AND TECTONIC

FRAMEWORK OF THE GULF OF PANAMA

INTRODUCTION

The plate tectonic evolution of the northeastern part of the Pan-

ama Basin, the Isthmus of Panama, the southwestern Caribbean, and the

northwestern part of Colombia is difficult to reconstruct (Bowin, i976;

Nagle, 1970; Molnar and Sykes, 1969). The area of interest in this

study, between latitudes 2°N and l2°N and longitudes 76°W and 82°W

(see Figure 1) is bounded by geographical limits rather than structural

or dynamic ones to allow the study of structural changes across possi-

He tectonic boundaries.

The region of study includes part-of the Caribbean, South Amen-

can, Nazca, and Cocos plates and at least one triple point junction.

The boundaries of these plates near their juncture are not well estab-

lished. Furthermore, Morgan (1968), Herron (1972), and Bowin (1976)

introduced the possibility of another small plate or block in this area,

enclosed by the four plates mentioned above.

Case etal. (l971a) consider that eastern Panama could be a piece

of uplifted Caribbean oceanic crust. Shagam (1975) believes that all

the easternmost part of the Panama Basin is being attached to the South

American plate. This thesis attempts a new interpretation of the

earth's crustal and subcrustal structure in the area, making a regional

analysis of the available data, including the results of the Yaquina

cruises in 1969 and 1973 and that of the Wecoma in 1975.
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Specal attention is given to the magnetic data in the Gulf of

Panama because it helps in the definition of the nature of the crust in

that region. Unfortunately, however, the kind of data that exists does

not allow a unque explanation of the type of faulting that exists

south of the Gulf of Panama.

Conclusions about the crustal and subcrustal structure of Panama

and the Gulf of Panama are reached based on a model developed by match-

ing the computed gravity of a hypothetical model and the measured

gravity field. In addition to the gravity measurements the model is

constrained by the existing magnetic profiles, land geology,and re-

flection and refraction seismic data.

It is hoped that the acquisition of more data and more research

wll be encouraged by this thesis to test the hypothetical structure

and tectonic evolution of the Panama region that are postulated here,
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PREVIOUS GEOPHYSICAL AND GEOLOGICAL WORK IN

PANAMA AND WESTERN COLOMBIA

The area of study has never been considered as a unit. For this

reason all previous studies present data and interpretations that re-

fer to pieces, and attempting to bring everything together is a first

step to a better understanding of this region. Figure 2 shows the

principal physiographic features of Western Colombia and Panama.

Bathymetry and Physiography

The Colombia Basin presents a smooth seafloor topography with an

average water depth of 3000 m. The continental shelf on the Caribbean

side of Panama is narrow. The Panama Basin, in contrast, reflects a

very rough topography (Figure 3), within which the Panama Fracture

Zone (Molnar and Sykes, 1969) marks the western boundary of the area

of study. Toward the east, the Coiba and Malpelo ridges constitute the

major topographic features. The Yaquina Graben, approximately 200 km

off the Colombian coast at 2°N latitude isdistinguished byanelongated

deep with depths greater than 3000 m, that strikes approximately north-

south.

Close to the Colombian borderland, between 2°N and 5°N latitude

possible continuation of the Peru-Chile Trench parallels the Yaquina

Graben, continues north where it reaches depths of more than 4000 m at

7°N latitude and then turns tO the west.

The Panamanian continental slope south of the 80 km wide con-

tinental shelf in the Gulf of Panama ends south of Panama at the

Panama-Colombia Trench near 7°N latitude.
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Both the Colombia Basin and the Panama Basin contain extensive

sediments. Sediment thickness in the Pacific range up to 1500 m and

show numerous faults (Van Andel etal.,1971). In the Caribbean, sedi-

ments are strongly folded south of the Colombia Basin (Case, l974a).

The land physiography of the area includes: the northern termina-

tion of the Andes Mountains in Colombia (Cordillera Central and

Cordillera Occidental), the Pacific Coast Province (Campbell, 1974),

or Atrato-San Juan Basin (Case etal., 1971a) and the Serrania del

Baudo.

The irregular sigmoidal Isthmus of Panama, convex toward the

north, constitutes the bridge between South and North America. Its

topography is rugged but not very high. Maximum elevations, rarely

exceeding 1000 m, are found in the Azuero Peninsula, and in the west-

ern Chiriqui Province where the highest point, Volcan de Chiriqui (3478

m) is located. The surficial land forms of Panama are volcanic in

origin (Dengo, 1973) and pre-Pleistocene in age.

The Panama Canal divides the isthmus into east and west Panama.

In the east, the Cordillera de San Blas, Serrania del Darien, and

Serrania del Sapo (continuing in Colombia as Serrania del Baudo) are

the main topographic features. The Atrato-San Juan Basin of Colombia

continues toward Panama in the Bayano-Chucunaque Basin. In western

Panama, the high relief of the Peninsula de Azuero forms perhaps the

principal physiographic feature.

Gravity

Gravity measurements are more numerous at sea than on land.



Figure 4 shows the location of the measurements and lists the data

sources. Along the western boundary of the area, gravity maps have

been prepared by Barday (1974) and Victor (1975). Bowin (1976) pub-

lished a complete gravity map of the Caribbean, where the anomaly

values generally are within ± 25 mgal of zero and indicate regional

isostatic equilibrium, whereas in the Pacific area it is possible to

find regions larger than ]0 x 1° where free-air anomalies exceed 50

mgal.

Gravity data on land have been collected for the most part by

Case etal. (1971a, 1971b, 1973, 1974b), Data Compiled by the Defense Map-

ping Agency Aerospace Center (DMAAG) is also available. Case (1974b)

shows that highs of 120 mgl coincide with the presence of oceanic

crust in eastern Panama. Near the boundary between Colombia and Pan-

ama, Case (1971a) found anomalies that vary from 120 mgal in the Pacific

to -30 mgal less than 100 km to the east, and increase again to 60

mgal 50 km, toward the northeast (see Figure 8). He associated

these steep gravity gradients to intense faulting and to the presence

of oceanic crust in the Serrania del Baudo.

Magnetism

Most of the present tectonic models of the geologic evolution of

Panama and its basin (eg. van Andel etal., 1971, Hey etal., 1977)

are based on the interpretation of the linear magnetic anomalies des-

cribed by Hey etal. (1972). These anomalies are oriented in an east-

west direction and were formed at the Galapagos Rift. A three ridge

triple junction at 2°ll'N Lat. and 102°lO'WLong. marked the
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Figure 4. Location map showing the location of the gravity
measurements.
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westernmost part of the Rift. The spreading at the Galapago Rift

started 5 million years ago according to Herron (1972), but Hey etal,

(1972) propose that this spreading became active 30 million years ago

and assigned a northsouth velocity of 3J cm/yr to the spreading.

However, Hoiden and Dietz (1972) give a spreading velocity of 28 cWyr

and consider the triple point to have a westward migration relative to

a hot spot at 00 latitude and 92°W longitude.

All these magnetic studies in the Panama Basin, including the

papers by Hey etal, (1977), and Hey (1977), localize the east end of

the Nazca spreading center at 82°30'W longitude on the Panama Fracture

Zone. Spreading velocities of the Naz.ca-Cocos system ranged between

1.5 cm/yr and 72 cm/yr (Het etal, 1977). The oldest anomaly is 30

million years and is located west of 85°W longitude, at 8°N longitude.

Recently, Lonsdale and Klitgord (1978) identified magnetic anom-

alies east of the Panama Fracture Zone as having

million years B.P, in a fossil rift, the Malpelo

tude), with an initial velocity of 4.1 cm/yr and

2.5 cm/yr, 3 million years before spreading ceas

disappear at the present base of the continental

Magnetic anomalies in the Caribbean had not

formed from 27 to 8

Rift (at l°l4'N lati-

a final velocity of

d. Anomalies seem to

slope of Panama.

been observed before

1971, but Christofferson (1973) shows the results and implications of

an intensive geophysical survey conducted by the R/V Trident of the

University of Rhode Island, Essentially he found that easterly

trending, linear crustal magnetic anomalies of large amplitude and

long wavelength exist over a substantial portion of the Colombia Basin

.anomalies are dislocated and (or) disrupted about a line that



strikes N25°E The magnetic age correlation implies that the

Colombia Basin) west of a line striking N25°E from the Golfo de Uraba,

was generated from the south at a rate of 48 cm/yr during the Late

Cretaceous, 67 to 76 million years ago.

Magnetic studies in Panama and northwestern Colombia are scarce,

but the geomagnetic map of Matthews (1976) shows a distortion of the

approximate east-west direction of the lines of equal intensity of the

magnetic field around the Sierra de Maje and Serrania del Sapo.

micit

In Panama and the Gulf of Panama, the seismic activity is generally

low and hypocenters are shallow. Earthquake activity is especially con-

centrated along the north Pacific coast of Colombia, at the base of the

Pacific slope of Panama, and along the border between Panama and Colom-

bia. Between April and May of 1973, there were 29 earthquakes, with

intensity greater than 45 on the Richter scale in northwestern Colom-

bia (Ramirez, 1975). Earthquake focal mechanisms in the area are not

well established because of the scarcity of studies, but two solutions

determined by Molnar and Sykes (1969), showed thrust or strike-slip

faulting.

Reflection and Refraction Profiles

To date very few refraction seismic measurements exist in the area

of Panama, Refraction line 17 of Vema 8-Wissama, 1955 (McConnell Jr,,

and McTaggart-Cowan, 1963), between points ll°13N latitude; 77°31'W

longitude and lP45N latitude; 77°3lW (Figure 5), provides the

best control in the Caribbean part of the area. This line indicates
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a depth to MoNo of l55 km and a sedimentary layer of thickness rang-

ing from 1.2 km to 1.6 km, overlying a layer of 4.6 km/sec.

Reflection line 17 (Edgar etal., l97la), north of Panama, shows

that the rough topography on the slope from Panama to the abyssal

plain could be the result of folding of basin strata. One important

feature of the sea floor is the existence of two prominent subbottom

reflectors: A" and B" throughout most of the Caribbean. According to

Edgar etal. (1971b) horizon A" is the top of a layer of chert with

interbedded soft sediments (radiolarian limestones and chalks) and

its age is Early-Middle Eocene (50 million years). The bottom of this

layer that overlies dolerite basement, forms horizon B" and is of

Coniacian age (85 million years ?). A seismic correlation of horizons

A' and B" is possible among DSDP sites 151, 152, and 153 (Moore and

Fahiquist, 1976). But in the Colombian Basin itself, horizon B" is not

clear at DSDP site 154 (Edgar etal., l971b).

In the Pacific, in the area of this study, no refraction lines

exist except those reported by Aldrich etal. (1973), Meissnar etal.

(1976), and Meyer èt àl. (1976) as 'Project Narino', south of latitude.,

There is no agreement among their results in identifying oceanic

mantle velocities under the Andes. However, as is shown by Ocola et

al. (1975) the crustal refractors under southern Colombia have the same

average velocities as in Ecuador, Peru, anu Bolivia, where a gravity

minimum is associated with subduction.

Lowrie (1978) interprets a thick section of sediments, identified

on two seismic reflection profiles located perpendicular to and cros-

sing the base of the continental slope south of Panama, as a buried
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trench area, His interpretation accounts for the age discontinuity be-

tween the Upper Cretaceous oceanic rocks in Panama and the younger rocks

south of this trench required by Lonsdale and Klitgord's (1978) inter-

pretati on.

In addition to Project Narino and Lowrie's seismic information,

the R/V Yaquina in 1973 made a reflection line and three wide angle

reflection (WAR) lines in the area of the present study. Two of the WAR

lines analyzed by Wrolstad and Johnson (1976) delineate thicknesses and

velocties of the crustal layers down to the Mohorovicic Discontinuity.

These two lines and the third one will be discussed later.

Heat Flow

Sass etal, (1974) associate relatively high values of heat flow

south of Panama to young oceanic crust and recen

However, in northwestern Colombia, they find low

and suggest that these low values imply that the

is being thrust under the South American Plate.

15) shows that the measurements of heat flow are

Caribbean Sea north of Panama.

t tectonic activity.

values of heat flow

northern Nazca Plate

Bowin (1976, Figure

near normal in the

Land Geology and Tectonics

Terry (1956) states that nearly one-half the surface of Panama is

made up of basic extrusive igneous rocks. According to Terry, who has

presented a good synthesis of the geology of Panama, andesite and ba-

salt are the dominant types of rock. The oldest fossils in the Azuero

Peninsula are of Late Eocene age (Bucaru formation). Northeast of the
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Peninsula there is an extensive Oligocene and Miocene sedimentary unit

(see Figure 6) that is intruded by basic lavas and tuffs at its north-

east edge. Miocene dikes are common in the Perlas islands, cutting some

Upper Oligocene shales in a similar way to dikes found in the Bahia

Chame shales, west of the Canal Zone, and in the Golfo de San Miguel

where Bandy and Casey (1973) found species corresponding to lower

Campanian (76 million years) in some cherts and siliceous sediments.

Furthermore, Bandy (1970) found deep water Upper Cretaceous fades

along a traverse from the Caribbean coast of Serrania del Darien to the

Goifo de San Miguel and he also shows in his Figure 2, that east of the

Canal Zone the basement may be lower Eocene. Intrusions ranging from

dioritic to granodiortic in composition are abundant, especially in the

San Blas Cordillera and Serrania de Maje (Wing, 1971).

Case (l974b) proposes four possible origins for the basaltic

oceanic rocks of the basement of eastern Panama: 1) they are part of

an ancient Atlantic plate; 2) they are part of a Caribbean plate derived

from sources within the Caribbean region; 3) they formed essentially in

place as an island-arc or ancient spreading center now elevated; or

4) they represent part of an ancestral Pacific plate or other spreading

center with northeastward movement. The first possibility can be dis-

carded because age correlations and geometrical relations indicate an

increase in age would be expected from east to west and this has not

been found, But the other three remain as possibilities. Case corre-

lates the basalt-chert boundary, dated by Bandy and Casey (1973), with

horizon B" defined by Edgar etal., (l97la), hence the eastern isthmus

could be a gigantic horst-like block of the Caribbean Plate. Lloyd
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(1963) and Dengo (1973) defend the volcanic origin of south Central

America. Lloyd proposed that volcanism started toward the end of Late

Jurassic time when eastern Panama was not a part of Central America but

belonged to the South America block. On the contrary, Dengo takes

eastern Panama and the Serrania del Baudo as part of that volcanic unit

whose origin is no younger than Campanian.

In Colombia, the Cordillera Central is lying over granitic crust

(Case etal., 1971a) and represents an uplift of ancient rocks (Bel-

ousov, 1967), but the Cordillera Occidental may be over oceanic crust

as is suggested by Case etal,, (l971a). They suggest, based on the

prevalence of spilitic basalt, pillow basalts and gabbros, that the

rocks of Serrania del Baudo are oceanic and similar to rocks of the

Nicoya Peninsula of Costa Rica and the Azuero Peninsula of Panama.

They interpret the rocks of Serrania del Baudo as a raised segment of

oceanic crust that is Mesozoic to Middle Eocene in age. However, data

are scarce in this region and Cediel etal., (1976), present this unit

as Late Cretaceous to Early Tertiary. Recently, Goossens and Rose

(1977) pointed out the geochemical similarity between ophiolite assem-

blages of rocks found along the coast of Ecuador, Colombia and Panama,

and possibly extending northwestward to Costa Rica. This basic igneous

complex Is in part, at least, Late Cretaceous in age.

One of the first structural maps of Panama (Terry, 1956) shows a

series of arcs, convex to the north and cut by a system of faults,

which intersect the concentric structures radially (Figure 6). This

pattern is preserved in the map by Dengo (1973, Figure 6), and also in

those by Carpen (1968) and King (1969), where the most marked faults
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are a north-south fault at 79°W longitude, another fault with strike

N22°E at the Golfo de San Miguel, a third parallel to the former but

near the Panama-Colombia boundary, and a fourth parallel to the east

coast of Peninsula de Azuero. Nevertheless, Wing (1971) did not find

evidence of the fault zone around the Golfo de San Miguel and the map

by Case and Holcombe (1975) does not show this feature. More work is

necessary to locate and precisely define these faults.

North of Panama, a series of anticlines follow the convex shape

of the isthmus as far as lO°N latitude (Case and Holcombe, 1975) and

are shown in part in the seismic reflection profiles reported by Edgar

etal. (1971a). The same kind of structures border the north coast of

Colombia (Case and Holcombe, 1975), but the band of folding there is

narrower in width than north of Panama. Both trends converge to the

Golfo de Uraba, where they meet with a north-south trending thrust

fault, the Atrato Fault (Ramirez, 1975). In general, the pattern of

faulting in west Colombia is parallel to the Andean system and it in-

cludes both thrust and normal faulting.

Van Andel etal. (1971) presented a map of the fault patterns in

the Panama Basin which shows the north-south trending feature in the

western basin that constitutes the Panama Fracture Zone and the Coiba

Fracture Zone, Off the Colombian coast, south of 4°N latitude, a

clear northeast-southwest system of faults parallel the strike of the

Malpelo and Carnegie Ridges at 80°W longitude, cross the Yaquina Graben

arid end, apparently, at the Colombia Trench, where another fault sys-

tern parallels the continental margin. The fault that parallels the

margin follows the continental slope north off Colombia and then west

off Panama.



The existng information allows the construction of tectonic models

and an nterpretation of the geologic evolution of the area. Herron

and He'rtzler (1967) assumed that 10 million years ago, due to the

change of trend of the Pacific rise, the Galapagos area was subject to

a tensile stress that produced fracturing along an east-west line and a

spreading of the oceanic lithosphere in a north-south direction, as far

east as 85W longitude. To the east of that longitude, there was a

change n the stress caused by the proximity of the continent. They

con'dered the existence of a zone of compression west of the East

Pa.fic Rise Van Andel etal, (1971) proposed that an ancient Cocos-

Carnegie topographc ridge of Upper Miocene age was separated into two

topographic ridges by sea floor spreading. The spreading started west

u the Coiba Fracture Zone 10 million years ago and continued with an

average rate of 3 cm/yr, but the center of spreading advanced westward

with tme, East of the Coiba Fracture Zone, a local dilation of the

ocean floor produced the Yaquina Graben which, as a tensional fissure,

couJd be considered part of the eastern boundary of the Nazca Plate. In

the eastern Basin, plate motion changes from what is clearly subduction

to a combination of transform faulting and underthrusting that extends

a'ong western Colombia to the Caribbean. The eastern boundary of the

Cocos Plate could be the zone of fracturing at 83GW longitude that Van

Andel etal. call the Coba Fracture Zone. This fracture zone, accord-

ng to the authors, has been moving westward n a series of steps as

succesive blocks of the northern half of the ancestral Carnegie Ridge

entered the Middle America Trench and plugged the subduction zone. They

aloayred withBow'in and Foijnsbee (1970) thatthe northern bOundary of the
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Nazca Plate could be coincident with the gravity minimum north of the

isthmus. Holden and Dietz (1972) state that the Cocos and Carnegie

Ridges have always been two different entities since their formation,

40 million years ago, at a ridge-ridge-ridge junction at a hot spot.

The triple point has moved westward with a bearing of 277° and a velo-

city of 3.3 cm/yr.

Malfait and Dinkelman (1972), introduce the model of Van Andel et

al. (1971) into a more general scheme that explains the origin of the

Caribbean Sea. Rea and Malfait (1974) proposed the existence of an

east-west spreading center in the eastern Pacific 40 to 25 million

years ago. Approximately 22 million years ago the velocity of spreading

decreased considerably and after 10 million years increased again to

its earlier rate. During the 10 million years of slow spreading,

volcanic activity created the Carnegie-Cocos Ridge. Hey et al. (1977)

emphasize the asymmetric character of the Cocos-Nazca spreading center

and support the hot spot origin for the Cocos and Carnegie Ridges. Hey

(1977) proposed a model of the tectonic evolution of the Cocos-Nazca

spreading center. He considers that this spreading center began 25

mflhion years ago with an approximate orientation of N70°E. That trend

changed 23 million years ago to the present north-south orientation.

He also agrees with Van Andel etal. (1971) that the Malpelo Ridge

could have been the northeastern portion of the Cocos Ridge, which was

transferred to the Nazca Plate by jumps of the spreading ridge to the

west, of the Cocos-Nazca-Caribbean triple point. But as Hey et al.

(1977) point out, the Cocos Plate ends at the Panama Fracture Zone. A

completely different interpretation is given by Shagam (1975) who
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assigns the eastern part of Panama to the South America Plate (see his

Figure 19B) and postulates a continuous westward movement of the Nazca-

South American plate boundary from western Colombia to the present posi-

ti on.

The jumps that Hey etal. (1977) assign to the Cocos-Nazca spread-

ing center appear to have occurred not only toward the south but possi-

bly toward the north as well. Recent work by Lonsdale and Klitgord

(1978) shows magnetic anomalies from an asymmetric spreading center at

l°40'N latitude and 81°W longitude, near the Malpelo Rift. Because

they were able to define magnetic anomaly 6C, they assigned an age of

22 million years to the Malpelo, Cocos and Carnegie Ridges. However,

the spreading ceased 8 million years ago and it is confined now to the

segments of the Cocos-Nazca boundary defined by the Galapagos Rift,

Ecuador Rift, and Costa Rica Rift. According to Lonsdale and Klitgord,

in the period 14.5 to 11 million years B.P. the spreading half rate was

3.5 cm/yr for the north part and it decreased to 2.5 cm/yr in the fol-

lowing 3 million years before it stopped. Lonsdale and Klitgord pro-

pose that the Yaquina Graben is not a dilation crack feature as sug-

gested by Van Andel et al. (1971), but part of an in en echelon trans-

form fault abandoned 8 million years ago. Lonsdale and Klitgord (1978)

locate the northern boundary of the magnetic anomalies at the 'extinct

Panama Trench'. A second explanation of the discontinuity in the

anomalies is that it is a boundary between the east-west spreading

Farallon plate and north-south spreading from the Nazca-Cocos center.

Thus, instead of a plate boundary north of Panama as suggested by Bowin

(1976) and Van Andel etal. (1971), Lonsdale and Klitgord (1978) pro-

pose the boundary to be south of the Panama Gulf.
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DATA SOURCES

Two cruises by Oregon State University vessels, the R/V Yaquina in

1973 (Yaloc-73 leg 8-9) and the R/V Wecoma in 1975 (Weloc-75), provide

new gravity, magnetic, and wide angle reflection (WAR) data that com-

plement the present information for the area. The gravity and magnetic

data from the National Geophysical and Solarterrestrial Data Center

(NGSDC) in Boulder, Colorado, and from the Defense Mapping Agency Aero-

space Center (DMAAC) in St. Louis, Missouri were available on magnetic

tape at Oregon State University. Because of large differences in land

gravity values in Panama from DMAAC and from Case (1974b), Case's

original data was used rather than that from DMAAC. The DMAAC data,

sent by Case to DMAAC, was probably modified by them in the process of

compilation (Case, 1978, personal communication).

Gravity Data

Gravity data collection on the OSU ships R/V Yaquina and R/V

Wecoma was made with La Coste and Romberg surface ship gravity meter

S-42. The gravity meter system records continuously on strip charts,

and every 30 seconds on a 200 bpi (bits per inch) magnetic tape, with

values averaged for 6 minutes.

Because the sea gravity meter records only relative values, it was

necessary to tie the sea measurements to land stations where absolute

values of the gravity field had been established. Table 1 lists the

land stations that were used on Weloc-75 from Woods Hole, Massachusetts

to Newport, Oregon.
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Table 1. Land gravity stations used during Weloc-75.

Gravity
Location (mgal) Source Designation

W.H.O.I. 980 311.8- C. Bowin (Per. comm.) 669

Panama 978 822.91 LeRoy Dorman (Per. comm.) DOD 0115-9

San Diego 979 536.18 S.I.O. Marfac Pier DOD 0187-1

Satellite navigation with dead reckoning based on gyrocompass and

speed log data between fixes provided the navigation file that was later

merged with the gravity measurements.

The raw data from Weloc-75 was processed using the Oregon State

University CDC-0S-3 system at the Computer Center and the Geophysics

Group's NOVA System, following the same procedure as that used by

Connard (1977), to process Baja-76 data.

The merged values of the gravity field were corrected for the

Etv6s effect, that is, the correction needed because of changes in

centripetal acceleration experienced by an observer moving with respect

to the earth (Garland, 1965).

For any measurement made at sea level, the free-air gravity anomaly

is the result of subtracting the theoretical gravity from the measured

gravity. Theoretical gravity is the gravity expected on the surface of

a uniform rotating oblate spheroid that closely approximates the equili-

brium sea level surface of the earth (Heiskanen and Vening Meinesz,

1958). The International Gravity Formula (GF 1967) provides gravity

as a function of latitude, 0:

g = 978.03185(1 + 0.005278895 sin2ø

+ 0.000023462 sin4Ø) gals
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where 1 gal 1 cm/sec2.

For land measurements, an additional elevation correction must be

applied to obtain the free-air gravity anomaly to compensate for the

fact that gravity decreases as hr2 outward from a sea level reference

surface, The DMAAC data included the simple Bouguer anomaly which as-

sumed a reduction density 2.67 gm/cm3. To obtain the simple Bouguer

anomaly on land, the gravitational effect of an infinite slab between

the ground surface and sea level is subtracted from the free-air

anomaly. If the computations include the effects of topography as well,

the resulting anomaly is called a complete Bouguer anomaly. This is

expressed by the equation:

= gf (kwh)
+ g

where
9b

is the complete Bouguer Anomaly; gf is the free-air anomaly;

k is a proportionality constant;e is the density used for the simple

Bouguer computation, h is the thickness of the layer whose gravitational

effect is being considered; and is the gravitational contribution of

the topography. At sea, mass is not removed but added and is the

density contrast between sea water and average crustal rock. At the

coast line, the free-air and simple Bouguer gravity anomalies are equal.

After computation, free-air gravity anomalies at sea and simple

Bouguer anomalies on land were plotted on a Mercator grid of 8 inches

per degree using programs DMAPLOT (Connard, 1977) for DMAAC data, and

LABELPT (Keeling, 1973b) for NGSDC data. In addition to the trackline

data, Figure 4 shows the location of the submarine pendulum stations of

Worzel (1965). The data were hand contoured at a contour interval of

10 mgal. The root-mean-square of the gravity value differences at
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trackline crossings gives an estimate of the uncertainty in measurements.

For the Pacific area the RMS uncertainty is 4.26 mgal, and for the

Caribbean, 4.79 mgal. However, east of 79°W longitude and between 5°N

and 8°N latitude, the uncertainty could be as high as 10.0 mgals due to

the scarcity of data for that area, and contours were guided by the

general bathymetric features delineated on the bathymetric maps of Van

Andel etal. (1971), and Lonsdale and Klitgord (1978). The gravity maps

of this area by Bowin (1976) and Hayes (1966) were used also as

references.

A gravity profile by Meyer etal. (1978) located south of

4CN latitude aligned approximately east to west was also used as a con-

straint.

Seismic Data

One or sometimes two 40 in.3 airguns were used as energy sources

aboard the Yaquina for the continuous seismic reflection profile ob-

tained during leg 8. A hydrophone streamer, towed behind the ship,

detected the signals and a single channel graphic recorder with a sweep

of four seconds recorded the information on paper. At wide angle re-

flection (WAR) shot points, hydrophone sonobuoys detected the reflected

and refracted signals and radioed them to the ship where they were re-

corded on magnetic tape and as seismograms.

Magnetic Data

Magnetic anomalies are the result of subtracting a theoretical

field value from the measured total magnetic field at each data point.
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The theoretical values used for Chain 71 and Yaloc 73 data are from

the International Geomagnetic Reference Field (IGRF) 1965 and 1975,

respectively. The IGRF, a series of spherical harmonics in geocentric

spherical coordinates of degree and order 8, represents the main geo-

magnetic field at any point in time and space (International Association

of Geomagnetism and Aeronomy-IAGA-, 1969; 1976).

The anomalies for these tracklines were plotted on a Mercator grid

of 8 inches per degree. Profiles of these anomalies (see Figure 7),

were plotted by computer using program PROFILE (Keeling, 1973a).
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DATA INTERPRETATION

The Gravity Anomaly Map

Figure 8 shows the map of the free-air gravity anomalies at sea and

simple Bouguer anomalies on land. This combination of data shows anoma-

lous distributions of mass below sea level for the whole area and sim-

plifies the construction of structural models, because it is not nec-

cessary then to include the terrain above sea level.

The map reflects the complex topography and structure of the Pan-

ama Basin, where gravity variations of more than 150 mgals are found in

relatively small areas. The structures of the Coiba Ridge and Panama

Fracture Zone cause the short wavelength anomalies between 3.5°N lati-

tude and 7.O°N latitude and along 82°W longitude. In this area, varia-

tions in gravity values from 130 mgal to -50 mgal are interpreted as

typical of zones of faulting. East of this fracture zone and at a

latitude of 4.4°N, two adjacent highs of 110 and 120 mgal are associ-

ated with the Malpelo Ridge. The map displays a high of 120 mgal where

the depth is only 1024 m, at the northern termination of the ridge, at

80.6°W longitude, 5.2°N latitude. North and east of the Malpelo Ridge,

local minimums of -20 mgal mark the southern boundary of a broad plain

of approximately 200 km2 between 79°W and 81°W longitude, and between

5.3°N and 6.6°N latitude and bounded by a 40 mgal contour. The 60

mgal contour correspond approximately with the 3000 m contour.

An elongated gravity low southeast of the Malpelo Ridge extends

from 2.3°N latitude and 80.2°W longitude to slightly north of 3.5°N

latitude and 79.7°W longitude. This negative anomaly with a minimum of
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-80 mgals coincides with the Yaquina Graben, which according to Meisnar

etal. (1976) could still be forming along an active transform fault,

and affecting deeper layers. The deepest point in the Panama Basin,

5276 m, is located in the Yaquina Graben. The gravity low associated

with the Yaquina Graben is separated by the gravity high associated

with the graben walls from another low that parallels the borderland

along what Lonsdale and Klitgord (1978) call the Colombia Trench.

This trench reaches depths of 3800 m near 4°N latitude, 7.9°W longitude.

But Hayes (1966) shows that the gravity low is displaced toward the east

and is associated with the Bolivar geosyncline described by Nygren

(1950), which is filled with a Tertiary sedimentary sequence. North of

this latitude the gravity anomalies do not correlate well with the topo-

graphy. The gravity low associated with the Atrato-San Juan Basin, the

Colombian section of the Bolivar geosyncline, extends to the sea where,

according to Case etal. (197la), up to 10,000 m of Tertiary sedimentary

rock is present west of Buenaventura. Furthermore, Hayes (1966) con-

siders this feature a branch of the Peru-Chile Trench. The transition

from land to ocean seems accompanied by faulting and/or deeper tectonic

features, because the changes in the gravity anomalies cannot be ex-

plained only by topography and a smooth continuation of the geosyncline

from ocean to land.

The cause of high Bouguer anomalies of up to 130 mgal over the

Serrania del Baudo also causes high free-air anomalies at sea, north

of Punta Solano. The gravity high of 135 mgal found on land north

of Bahia Solano is an anomalous value for Bouguer anomalies on contin-

ents. Case etal. (1971a) and Meissnar etal. (1976) interpret this
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fact in conjunction with the general geology of Serrania del Baudo as

indicating this block is oceanic in nature. The high density block may

also have resulted from submarine volcanism (Lloyd, 1963). The positive

gravity anomalies of this zone are bordered on the west by a gravity

low, related to the topographic northern termination of the Colombia

Trench. However, the continuity of the gravity expression of the topo-

graphic trench is not complete, especially close to 5°N latitude, 78°W

longitude, where earthquake activity indicates active faults are pre-

sent. Hayes (1966) explained the thick sedimentary section indicated

by the -100 mgal gravity low, to be a consequence of large scale

slumping of material from the upper continental slope. The rate of

sediment transport from the continent should be high in this region be-

cause it is one of the rainiest in the world. Another factor that may

account for the large amplitude of the gravity anomalies close to the

steep continental slope is the edge effect. This effct is the result

of an abrupt change of density between the continental shelf and the

ocean and between the continental crust and oceanic mantle.

At 7°N latitude and 79°W longitude, the topographic and gravity

minimums curve to the west. The general pattern of the gravity anoma-

fles in this region agrees with those outlined by Fjayes (1966), but the

present study indicates that the change of direction is not as smooth

as he suggested. An elongated gravity low parallels the continental

slope south of Panama, and meets gravity highs associated with the Coiba

Ridge. The gravity anomalies of the northern Panama Basin do not ex-

hibit isostatic equilibrium (Barday, 1974).

Bouguer gravity anomalies in western Colombia have been discussed
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by Case etal. (197la; l971b). The main features he noted were the

following: 1) the easternmost part of the area is defined by a gravity

low that almost parallels the Cauca Valley and separates the continental

part of the Andes from the oceanic basement that characterizes the

Cordillera Occidental; 2) over a considerable part of the Cordillera

Occidental a gravity high extends northward from Ecuador and at6°Ntati-

tude this high curves to the northwest along the Sautata arch and con-

tinues in Panama on the Serrania del Darien; 3) west of this high the

gravity low associated with the sedimentary Atrato-San Juan Basin ex-

tends south toward the ocean at the latitude of Buenaventura; 4) a high

of more than 100 nigal is present along the Serrania del Baudo. This

anomaly is partially due to the high density of the basement rocks com-

posed principally of basalt, gabbro and volcanic sediments (Case et

al., 1971a).

Gravity anQmalies in Panama outline three main zones. First, in

the Azuero Peninsula there is a positive anomaly that reaches values of

130 mgal close to Punta Mala. A complex of volcanic rocks may be the

principal source of this high. However, effects due to faulting may be

involved, as suggested by the steep nature of the outer edge of the con-

tinental shelf (Terry, 1956). The second zone is a relative gravity

low that extends from north of the Azuero Peninsula eastward to Serrania

del Sapo, a continuation of Serrania del Baudo. This zone includes

most of the Gulf of. Panama and has its minimum of 20.5 mgal in the

Golfo de San Miguel. More measurements are necessary to outline this

zone, especially east of 79.5°W longitude. I. SeisnTic measurements show

sediments of 4.0 km thickness may be present in this area. Tertiary
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sediments of the eastern part of the Azuero Peninsula and other Quarter-

nary sediments in the Azuero Basin could be a continental continuation

of the same sedimentary layers present in the Gulf. This is the reason

for considering the gulf and the western part of the Azuero Peninsula as

a single zone. The third gravity zone is characterized by a positive

anomaly of 130 mgal in northeastern Panama along the Sierra de San Bias

and Serrania del Darien, This positive anomaly is interrupted near its

south end by a long relatively low gravity anomaly of 40 mgal associa-

ted with the sedimentary Chucunaque Basin. The high values of gravity

in this zone can be explained by the presence of a high density basaltic

basement complex. But the gravity anomelies may also reflect the dy-

namic situation present in convergent zones (Watts and Talwani, 1974).

West of the Canal Zone, gravity values decrease and show the presence

of a well defned fault zone separating the two regions. The source of

these relatively low values is not clear and they may indicate the pre-

sence of continental crust as Case (1974b) suggested.

The Caribbean region north of Panama shows a large elongated

gravity low of -50 mgal It is oriented in an east-west direction and

is shifted landward relative to the bathymetric low. Bowin and Folins-

bee (1970), relate these anomalies to underthrusting of the Caribbean

crustal plate by another plate south of Panama. But the lack of deep

seismicity in the isthmus, the westward progression of volcanic activity

pointed out by Terry (1956), and the scarcity of methamorphic rocks may

imply that subduction is not an important process (Coleman, 1971). Ob-

duction is a more reasonable geometric concept according to Case (1974b).

Neither obduction nor subduction are simple processes and the structural
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section that will be discussed later shows a zone where both may have

occurred.

Wide Angle Reflection Profile

Figure 9a shows the WAR profile obtained at shot point 8-23 at

8°3VN latitude, 793O'W longitude and on the continental shelf at a

water depth of 28 m. The profile shows refraction lines; however, the

resolution of this profile is not good enough to interpret reflection

hyperbolas. The problem is due to the fact that shots in shallow

water produce large amplitude multiples which interfere with signals

from subbottom reflectors. Other effects such as reverberations and

bubble oscillations are also more marked when shooting in shallow water.

Different filters with passbands in the range 5-50 hertz applied to the

data in an attempt to improve the record were not successful. There-

fore, the original record with a 10-25 hertz bandpass was used for

interpretation (Figure 9a).

in the reflection record both axes are proportional to time; the

abscissa represents the time elapsed between the start of the airgun

pulse and its arrival through the water at the sonobuoy, and the ordi-

nate represents the travel time of the acoustic signal from the airgun

to the sonobuoy after reflection or refraction at an acoustic inter-

face.

Matthews' tables (Matthews, 1939) indicate a water velocity of

L5 km/sec for the area, With this value it was possible to convert

the abscissa units from time to distance using the method of LePichon

etal. (1968). The velocity of the four refractors shown in Figure 9b
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were obtained after converting the abscissa from time to distance.

Table 2 lists the apparent velocities and intercept times.

Table 2. Refractors from WAR profile 8-23.

Apparent Velocity Intercept Time

Refractor km/sec sec

Water 1.50 (Direct Wave)

2 1.62 0.04

3 1.76 0.30

4 1.81 0.42

5 5.30 4.19

Because there was no reverse line, the program WAREFRA (Wroistad

and Johnson, 1976) that computes the thicknesses of the layers was run,

assuming horizontal structures. The thickness of the water layer was

0.028 km and those computed for refractors 2, 3, 4, were 0.58, 0.30 and

3.03 km respectively. Computed velocities were the same as the apparent

veloc!ties because of the assumption of horizontal layers.

A comparison between velocities and thicknesses obtained for this

profile and those studied by Wrolstad and Johnson (1976) shows that the

three upper layers below sea bottom correspond to sediments with a well

defined velocity gradient associated with the compaction of the sedi-

ments, The 4 km thickness of the sediments is larger than that found

at shot points 8-21 and 8-22. The 5.30 km/sec layer has also been

defined at those points and its velocity is typical of oceanic layer 2.

Because the age of the 5.30 km/sec layer has been determined as Tertiary

(see next section), the sediments must be Tertiary and younger.



The velocity or continuity of other reflectors that appear in the

seismic record could not be established with certainty and therefore

have not been considered further.

Magnetic Profiles

The northernmost magnetic anomaly identified by Lonsdale and Klit-

gord (1978) is 6C at 6.4°N latitude, 80°W longitude and at 6.8°N lati-

tude, 79°W longitude. An initial detailed look at the magnetic anoma-

lies from Yaloc-73 Legs 8 and 9 and Chain 100 indicate (see Figure 7)

possible oceanic anomalies which are masked by high amplitude, high

frequency anomalies. Program XBASE (Blakely, 1974b) was used to project

and equally space the magnetic data on lines shown on Figure 4. Data

in this form allow the application of fast Fourier transform for later

filtering of high frequency anomalies and upward continuation. The

larger amplitude of the anomalies, from the continental slope toward

the north, suggests a shallower basement. A distance of 2.5 km was

taken for upward continuation based on comparison of upward continued

profiles with a profile of theoretical marine magnetic anomalies ob-

tained with the program THEOMAG (Lu and Keeling, 1974). Magnetic

anomalies are dated using the geomagnetic time scale of Heirtzler et

al, (1968) and Blakely (l974a). Figure 10 shows the filtered and upward

continued anomalies. The match with the theoretical value is suffi-

ciently acceptable to affirm that the oceanic layer extends farther

north than suggested by Lonsdale and Klitgord (1978) and Lowrie (1978).

However, the theoretical anomalies required different spreading rates

of the oceanic layer north and south of the assumed trench and also
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different depths to the magnetic basement. For the south part, a velo-

city of 3.6 cm/yr and a depth to the magnetic basement of 4.0 km yields

a good correlation between the theoretical and the observed anomalies.

For the north part the velocity of spreading was 4.4 cm/yr and a depth

of L5 km was used. This thesis suggests the bathymetric low, called

the Panama Trench, is a discontinuity in the structure of the ocean

floor and the ocean floor spreading velocity, but not in the spreading

itself. The structural section that is discussed below and the correla-

tion between the theoretical magnetic model and the observed anomalies

support this hypothesis.
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CRUSTAL MODEL

Figure 5 shows the location of the crustal and subcrustai cross

section AA' of Figure 11. The model is calculated as a possible solu-

tion of the 'inverse problem'. For this kind of problem, given a mea-

sured gravity field there are an infinite number of combinations of

shapes and densities of bodies that produce the same gravity values.

The method used in this thesis for solving the problem is the indirect

one that assumes a model and computes its gravity, then compares the

computed gravity with the observed gravity and makes changes in the

model until the two anomalies match.

In order to make a direct comparison between the observed anomalies

and the gravity computed from the model it is necessary to subtract the

gravitational effect of a standard oceanic section, above which the free

air anomaly is zero. Barday (1974) obtained an average standard sec-

tion of thickness of 50 km in the Panama Basin. His section was con-

strained by four conditions: a) geographic location; b) the age of the

crust, which ranged from 17 million years to 42 million years; c) no

lateral inhomogeneities of the mantle below 50 km; and d) the thickness

of the layers agree with appropriate seismic refraction measurements.

The gravitational attraction of Barday's standard section is 6442.0

mgal. A slight modification of the program GRAV2DS (Gemperle, 1975)

made possible the subtraction of the standard section during computa-

tion of the model.

The thickness of a standard mass column is arbitrary; some authors,

Bowin (1976) for instance, use columns of more than 200 km. The use of
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a relatively short mass column implies that observed gravity anomalies

result from relatively shallow structures and that the region without

lateral density variations below the mass column is also shallower.

It is possible, however, that lateral inhomogenities exist below the

assumed 50 km, equilibrium level, but their gravitational effect does

not produce short wavelength changes in the measured gravity field be-

cause of their great depths.

The criterion for choosing the direction shown in Figure 5 for the

section, comes from an attempt to orient the model normal to the re-

gional structure and the observed elongated or two-dimensional anomalies.

Two-dimensional anomalies allow the assumption that geologic structures

can be approximated by polyhedrons which are infinite in the direction

of the axis of elongation. Taiwani etal. (1959) developed a method

for such gravity computations, and the program GRAV2DS (Gemperle, 1975),

based on this method gives the vertical gravitational attraction of the

components of the assumed model.

The actual process of computation required taking the measured

gravity values from the gravity map in Figure 8 along a line striking

Nl9°E that starts at 6°N latitude, 80"22.7'W longitude in the Panama

Basin, crossing the Isthmus of Panama, east of the Canal Zone, and ex-

tending to the Colombian Basin in the Caribbean. Chart 21033 from the

Defense Mapping Agency Hydrographic Center at a scale 1:970240 and

chart 26000 of the U. S. Navy Hydrographic Office at a scale 1:952808

provided the bathymetry along the line of the crustal section.

The model consists of 28 blocks with an arbitrarily selected

origin of coordinates and extends from -999999.0 km to +999999.0 km
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to avoid edge effects. On both ends Barday's (1974) standard section

is satisfied. The portion of the model of interest is 800 km long and

is constrained by one refraction line in the Caribbean (Ewing and Ew-

ing, 1960), between points B and B' and the WAR lines in the Pacific:

8-21, 8-22, and 8-23 from Weloc-73, as shown in Figure 5. Land geology

in the Isthmus of Panama, from Case (1974b), provides another con-

straint.

Figure 11 shows the measured and computed gravity along the sec-

tion profile, the model section with a vertical exaggeration of 4:1,

and the section without vertical exaggeration. Distances are in kilo-

meters and the numbers inside the blocks correspond to densities in

gm/cm3. Seismic layer boundaries projected to the section are indicated

by black bars.

At the southwest end of the model, layer thicknesses are taken

from the results of Wroistad and Johnson (1976) for their 8-21 WAR

line. Seismic velocities were converted to densities using the em-

pirical relationship between velocity and density of Ludwig etal.

(1970). A density of 1.3 gm/cm3 for the water was used for the whole

section. Table 3 lists thicknesses and velocities for WAR line 8-21

and the assigned densities.

Table 3. Interpretation of WAR line 8-21, at 5°51'N Lat., 80°30'W Long.

Velocity Thickness Density
km/s km g/cm3

1.48 3.00 1.03
1.70 0.35 1.80
5.48 2.82 2.70
7J0 3.33 3.10
8.10 40.50 3.20
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The topmost layer which Wroistad and Johnson (1976) interpret

to be hemipelagic sediments, correspond to the density of 1.8 gm/cm3.

The next layer below is a layer of velocity 5.48 km/s and is interpreted

as basaltic oceanic layer 2. The next layer of velocity 7.10 km/s has

thickness and velocity values that are within those normal for oceanic

layer 3. Because the thicknesses of the layers were seismically con-

strained, values for density were selected to match the observed grav-

ity anomaly at WAR line 8-21 (41 mgal). However, the densities are

close to those indicated by the empirical relation between velocity

and density of Ludwig etal. (1970) for the measured velocities.

Along WAR line 8-22, at 51 km on the model, the gravity anomaly

decreases to 7 mgals. Table 4 shows the values for velocity and thick-

ness from Wroistad and Johnson (1976), and the assigned densities.

Table 4. Interpretation of WAR line 8-22, at 6°26'N Lat., 80°l7'W Long.

Velocity Thickness Density
km/s km g/cm3

L49 3.44 1.03
1.65 0.46 1.80
376 0.85 2.40
5.79 2.70 2.80
7.18 2.70 3.10
8.39 (?) 40.70 3.20

Layer 3 decreases in thickness from WAR line 8-21 to WAR line

8-22. But the main difference between these two points is the pre-

sence of a new layer of velocity 3.76 km/s and the change of velocity

of layer 2. However, the two layers of 3.76 and 5.79 km/s are inter-

preted, in this thesis, as the same as the 5.48 km/s oceanic layer 2

along WAR line 8-21. The upper layer of the two corresponds to altered

basalts (Van Andel etaL, 1973). It is 0.85 km thick and does not



45

contribute significantly to the magnetic anomalies. Both the altera-

tion and the compaction of the basalts may be due to the folding and!

or faulting of the crust in this area.

To fit the zero gravity anomaly at 65 km on the profile requires

folding of oceanic layers 2 and 3 upward. From this point toward the

continent, the gravity profile shows a rapid decrease to -84 mgal

East of the profile, the gravity low reaches values less than -90

mgal (see Figure 8) and so this is one of the critical points of the

modeL The low could be produced by a trench associated with an ex-

isting or ancient subduction zone. For example, gravity lows of this

magnitude appear related to the Peru-Chile Trench along the continental

margin of South America, Based on seismic reflection profiles, Lowrie

(1978) proposes a buried trench and suggests a previous subduction

zone in this region. The magnetic results of this thesis do not agree

with a proposed subduction zone and the gravity values can be satis-

fled by a downwarp of the crustal layers.

At the point of minimum gravity, 110 km on the model, the total

thickness of the sediments reaches 2.7 km. which is in agreement with

Lowrie1s results. It is necessary in the model to include an addi-

tional block of sediments of density 2.0 gm/cm3 at the bottom of the

sedimentary layers, to fit the gravity values. The dense sediments of

this block may correlate with chalk-marl and other dense materials

found, just above the basaltic layer by Van Andel etal. (1973), at DSDP

site 155, located 150 km southwest of this point on the model.

The amplitude of the observed magnetic anomalies decreases from

the location of WAR line 8-22 to the point of minimum gravity by
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about 37%. This difference requires a difference in depth to the

source of approximately 2.5 km. Therefore, the upper boundary of the

2.8 gm/cm3 layer is taken at 6.6 km depth. This value allows the con-

tinuity of the layer of altered basalts that forms the acoustic base-

ment shown by Lowrie (1978), but which is different from the magnetic

basement,

On the continental slope, the gravity generally increases toward

land and shows short wavelength features produced by possible faults

that may extend into the oceanic layers. A section of light sediments

of density 1.7 gm/cm3 in the upper part of the slope and the continental

shelf provides a good fit to the gravity data.

As can be seen on Figure 11, from 65 km to 165 km, the gravity

profile shows a gravity low and a high, essentially produced by the

edge effect of the continental low, where the thickness of sediments

and the depth to Moho change abruptly. The present study postulates

continuity of oceanic layer 2 from the basin into the continental

shelf, where its average depth is 1.5 km. The magnetic layer at this

depth produces anomalies of comparable amplitude to observed magnetic

anomalies on the continental shelf. Due to the lack of seismic con-

trol in this area, the model has been kept as simple as possible be-

tween the continental slope and the point where WAR line 8-23 is

located. The boundaries and densities of the blocks of assumed density

2.6 gm/cm3 are not well defined. The cause of the uplift and the ab-

normal thickening (up to 15 km) of the oceanic crust are not obvious

and will be discussed below. Along the profile, 10 km southwest of

WAR line 8-23, the northernmost observed magnetic anomaly coincides
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with theoretical magnetic anomaly 9, formed approximately 30 m.y. B.P.

Based on a vertical reflection profile (S. Johnson, personal communica-

tion), the acoustic basement is considered to be as shallow as 0.5 km

in the outer part of the continental shelf. This is in agreement with

the depth to the source of the magnetic anomalies. However, the

altered basalts at the top of this layer become thinner and end at 212

km on the model. At this point, sediments become thicker and reach 3.0

km thickness. The thick section of sediments is required to explain

the 40 mgal gravity anomaly.

A relative gravity minimum of -25 mgal at 265 km on the profile

requires 2 sedimentary layers with a total thickness of 2 km above a

basaltic layer of thickness 5.7 km. The upper sedimentary layer has a

density of 1.7 gm/cm3, and the lower one has a density of 1.8 gm/cm3.

Both layers and the basaltic layer of density 2.6 gm/cm3 are inferred

from the seismic reflection record.

The seismic velocities determined from WAR line 8-23, at 297 km

on the section do not suggest any sediments with densities greater than

1.9 gm/cm3. The refraction lines shown in Figure 9b seems to define a

gradient of compaction in the sediments that indicates an upper layer

of 1,7 gm/cm3 and thickness 0.54 km; a layer of 1.8 gm/cm3 and thick-

ness 0.30 km; and a deeper sedimentary layer of 1.9 gm/cm3 and thick-

ness 3.04 km. Below the sedimentary section, a layer of 5.3 km/s is

well defined and suggests a material of density 2.6 gm/cm3. This

layer is taken as the source of magnetic anomalies, which were

identified from the northernmost available data, 7 km southwest of

seismic line 8-23. But the seismic line does not provide a good
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layers is chosen to satisfy the observed gravity field. Despite the

up-bowing of the oceanic layer at WAR line 8-23, it is necessary to in-

crease the density of the mantle from 32 gm/cm3 to 3.32 gm/cm3. This

lateral change of density although not well understood has been neces-

sary in other models (Dehlinger etaL, 1967; Dehlinger etal., 1970;

Woodcock, 1976; Plawnian, 1978). In the present model, the density of

332 gm/cm3 serves as a transition between the density of the mantle in

the Caribbean, 34 gm/cm3, and the Panama Basin, 3.28 gm/cm3.

Further to the northeast, the gravity anomalies continue to in-

crease smoothly from near 60 mgal at the WAR line 8-23 to 80 mgal at

the coast. The sedimentary rocks found in the Isthmus (Case, 1974b)

are extended to the south beneath the continental shelf to match the

observed gravity data.

Quarternary alluvium of density 2.2 gm/cm3 occurs along the shore-

line and overlies sediments of density 2.5 gm/cm3 of the Bayano-Chucun-

aque Basin, The gravity increase from 100 to 135 mgal north of the

sedimentary section, suggesting the presence of very high density rocks

at shallow depth. Following Case (1974b), oceanic basement type rocks

of density 27 gm/cm3 have been included in the model, A block of 2.8

gm/cm3 underhes the 27 gm/cm3 block. Different combinations of

densIty between 26 and 29 gm/cm3 and geometrics may be possible. Em-

bedded in the assumed unit of 2.8 gm/cm3 there appears to be a rock of

higher density, 295 gm/cni3, which is needed to explain the sharp posi-

tive peak of the observed gravity anomaly.
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Bouguer anomalies with a reduction density of 2.67 g/cm3 are used

on land and it is possible that part of the anomaly is due to using

267 g/cm3 for the reduction density instead of 2.95 9/cm3. But be-

cause maximum elevations are of the order of 0.6 km, the gravity

anomalies for the larger reduction density would be only 7.0 mgals

less than for the 2.67 gm/cm3 reduction density. It is also true that

part of anomaly may come from an edge effect in the transition from

the structure of the Caribbean Sea to the isthmus. However, the effect

should be less pronounced here than on the Pacific side of the contin-

ental shelf, because the Caribbean Sea has a thicker crust and densi-

ties are also higher, similar to the crust of the Isthmus of Panama.

The continental shelf of Panama in the Caribbean Sea is narrower

than in the Pacific Ocean. The gravity anomaly minimum is shifted

slightly landward, from an assumed trench with axis at 475 km and filled

with 4.0 km of sediments of 2.0 g/cm3. Dehlinger etal. (1967, 1970)

and Couch (personal communication), notice that the shifted gravity low

may be characteristic of certain convergent margins. The seismic pro-

files of Edgar etal. (197la) and Bowin (1976) show that the sediment-

ary layer of density 2O gm/cm3 is folded and faulted in the Caribbean

continental shelf of Panama. Case (l974a) interprets the general

pattern of deformation of the South Caribbean basin as indicative of

relative compression between the Caribbean Plate and the plates to the

south.

An important feature that characterizes the model from the 400 km

point toward the northeast is the thickness of the crust, which has a

maximum depth to the Moho of 26 km at 390 km on the model under the
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isthmus. From there toward the Caribbean the crust gets thinner but

still remains very thick (20 km) for oceanic crust.

The gravity profile beyond the 600 km point in the model varies

only 17 mgals over more than 200 km. These small regional variations

of gravity indicate regional isostatic equilibrium. The two ends of a

reverse refraction line, B and B', constrain this part of the model.

Table 5 lists the results from a seismic refraction line between

points B and B' reported by Ewing and Ewing (1960). It also shows

assigned densities.

Table 5. Seismic refraction results at points B and B'

B B'

Velocity Thickness Density Velocity Thickness Densit

km/s km gm/cm km/s km gm/cm

1.5 3.41 1.03 1.5 3.44 1.03

2.0 L20 2.00 2.0 1.70 2.00

4.6 1.60 2.60 4.6 1.80 2.60

6.1 5.00 2.80 6.1 1.40 2.80

7.0 8.70 3.10 7.0 11.00 3.10
8.2 30.15 3.40 8.2 30.68 3.40

For a given velocity, slightly higher densities are assigned for

the Colombia Basin than for the Panama Basin. Even so, the density

values are still within the range given by the curves of Ludwig etal.

(1970).
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GEOLOGIC AND TECTONIC INTERPRETATION

The framework for the general geologic and tectonic interpretation

of northwest Colombia and Panama is established by eight constraints

which include the geophysical model and other geophysical and geologic

observations that exist in the area and which should be considered and

satisfied in any partial or complete attempt at interpretation.

1. Seismic WAR lines 8-21, 8-22, 8-23 and refraction line B-B'

provide crustal layer thicknesses and velocities which guide the selec-

tion of densities for the model.

2. Gravity data constrain the shape and extent of the different

blocks of the model.

3. Volcanism In the Gulf of Panama, beginning in the Upper

Cretaceous (Dengo, 1973) and becoming more intense from Eocene to Mio-

cene time (Terry, 1956), may be a reflection of tectonic processes in

the area, including possible subduction of the Caribbean plate. Al-

ternatively the volcanism may be in some way related to obduction of

the Nazca plate.

4, The interpretation of magnetic anomalies, originating in the

Nazca-Cocos spreading center, implies the northward continuation of

oceanic layer 2 to at least 60 km south of the coast of Panama on the

Pacific side. There, the oldest identifiable magnetic anomaly corres-

ponds to an age of 30 million years for the oceanic magnetic layers.

5. Bandy and Casey (1973) found a Campanian (80 million years)

or older basement in the Golfo de San Miguel in eastern Panama.

This implies stacking of an older oceanic layer under or between the
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oceanic layer of density 2,6 gm/cm3 in some parts of the Gulf of Panama.

This ancient oceanic plate, possibly the Farallon Plate, may explain

the abnormal thickness of the crust under the continental shelf. Its

density ranges from 26 gm/cm3 to 3.1 gm/cm3

6. Magnetic studies by Christofferson (1973; 1976) show magnetic

anomalies in the Colombian Basin. Anomalies are oriented east-west and

indicate an age of 65 million years for oceanic layer 2, just north of

Panama, with ages increasing toward the north.

7. Ladd (1976) calculates that the relative motion of the South

American Plate with respect to the North American Plate, between 84 to

38 m.y. B.P was in a southeast direction, followed by a northward

motion from 38 to 9 million years BP.

8. Molnar and Sykes (1969) and Jordan (1975) show that the rela-

tive motion of the oceanic lithosphere east of the Panama Fracture Zone

with respect to the Caribbean Plate is N73°E±l3° with a relative velo-

city of 6.4±1.3 cm/yr. The motion of the South American Plate Relative

to the Caribbean Plate is N75°W±l5° with a velocity of 1.5±0.6 cm/yr.

Figure 12 shows a general geologic cross section along profile AA'

of Figure 5. This geologic section shows Tertiary oceanic crust extend-

ing from the Panama Basin into the continental shelf. The abnormal

thickness of the crust (approximately 17 km), together with the probable

tectonic history of the area of Panama discussed below, support the

existence of a piece of older oceanic crust between the Tertiary

oceanic crust and the mantle. The geophysical section (Figure 11) and

the data on which it depends indicate the presence and thickness of

sediments on the Pacific side of the geologic section. The age of the
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oldest sediments is approximately the age of the Tertiary oceanic crust

on which they were deposited. Sediments indicated as Quaternary in age

are assumed less compacted and dewatered and hence less dense than

sediments indicated as Cenozoic in age.

The surface geology of the Isthmus of Panama is from Case (l974b).

Certain surface units were extended from Panama toward the Caribbean

Sea and the Pacific Ocean, guided by the corresponding blocks of the

geophysical cross section. Neither the composition nor the origin of

the deepest part of the crust in the isthmus is known. However, the

interaction between the Caribbean Plate, the northernmost part of the

Nazca Plate, and part of the old Farallon Plate must contribute to the

formation and nature of the crust under the isthmus. The section sug-

gests that subduction of the Caribbean Plate has occurred.

The depths, thicknesses, and ages of the units of the Caribbean

side of the geological section have been deduced from the geophysical

model and the magnetic results of Christofferson (1973; 1976).

Larson and Pitman (1972) established the beginning of the South

Atlantic spreading as 110 million years B.P, According to them

between this time and 85 million years B.P., subduction of the Faral-

lon Plate under North and South America was exceptionally fast along

most of the boundary. This study suggests that the region now occupied

by the eastern Panama Basin could have been one of the few places where

fast subduction was not occurring, Ladd (1976) suggests that eastward

motion of South America relative to North America was taking place dur-

ing this period of time. Figure 13a shows the relative position of the

plates at that time. The Caribbean Sea may have appeared in its
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youngest stage. Part of the Farallon Plate penetrated the space left by

the eastward motion of South America. According to Ladd, a period of

extensional tectonics in the new Caribbean Sea started 84 million years

B.P. as a result of a southeastward motion of South America with respect

to North America. This direction of motion continued until the Late

Eocene, 38 million years ago (see Figures l3b and 13c). During this

period igneous activity was extensive in northern South America and

southern North America. Burke etal. (1978) explain the abnormal thick-

nesses of sills during the late Cretaceous (80-85 million years B,P.)

and the later compression of the South American-Caribbean plates.

The spreading center that produced the magnetic anomalies described

by Christofferson (1973) could also be of Late Cretaceous age, 85 mil-

lion years B.P. which ceased spreading 65 million years ago when accord-

ing to Bowin (1976) there was a change in the pattern of spreading along

the mid-Atlantic Ridge.

Other events of Late Cretaceous age may be related to the above-

mentioned extensional regime. The Nicoya Complex in Costa Rica and the

Panama Basement are composed mainly of oceanic rocks of Late Cretaceous

(Dengo, 1973) age. Age and petrologic correlation of the Panama and

Costa Rica rocks have been extended to Colombia (Case 1971a) and to

Ecuador (Goosens etal., 1977). Oceanic rock of this age may be under-

lying the continental shelf in the Gulf of Panama as is suggested in

the geologic section (Figure 12).

But in the Late Eocene, 38 million years ago, South America

changed its direction of relative motion with respect to North America

from southeastward to northward, creating a compressional regime that

deformed the Farallon Plate trapped between the North and South
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American Plates. it seems probable that the initiation of uplift of the

Panama Ridge is of Middle Upper Eocene age. This age is also deduced by

Bandy and Casey (1973), from paleobathymetric studies.

The northward motion of South America explains the absence of the

south part of the anomalies from the Caribbean spreading center and that

of the center itself by subduction. In this way the oceanic crust of

the Colombia Basin is of Late Cretaceous age (Figures 13c, l3d),

Almost contemporary with the initiation of the northward motion of

South America in the Late Eocene and Early Oligocene (38 to 35 million

years B.P.) a zone of weakness normal to the Pacific spreading center

started to open in the easternmost part of the Farallon Plate (Figure

13c). It divided the old Farallon Plate into the Nazca and Cocos

Plates. New oceanic crust was created forming the Galapagos Gore

(Holden and Dietz, 1972). This material was created asymetrically by

the 'jumping' Nazca-Cocos spreading center (Hey etal,, 1977), starting

at least 30 million years ago, the age of the anomaly number 9, identi-

fied in the Gulf of Panama. The spreading originated at the Malpelo

Rift (Lonsdale and Klitgord, 1978), which is the easternmost and oldest

known segment of the Nazca-Cocos spreading center. The Malpelo Rift

is separated from the Costa Rica Rift, another segment of the Nazca-

Cocos Rift, by a transform fault, and both of them have ceased spread-

ing. Lonsdale and Klitgord (1978) consider the Yaquina Graben to be

another transform fault which was abandoned 8 million years B.P., and

that its northern termination could have been a Nazca-Cocos-Caribbean

triple junction point.
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The basaltic layer created at the Malpelo Rjft found a natural

barrier to northward motion in the south part of the Gulf of Panama due

to the presence of some volcanic hills and deformed Farallon Plate (see

Figures' 14a andl4b. Folding and faulting affected this new oceanic

layer considerably. The presence of this Tertiary oceanic crust is

well defined as displayed in the geologic section south of 125 km on

the section, This thesis concludes, based on the analysis of magnetic

data that the basaltic layer passed over or was thrust over the older

oceanic crust. The younger crust of density 2.6 gm/cm3 was lighter

than the older crust. Cenozoic sediments found in DSDP site 155 (Van

Andel etal., 1973) with velocities similar to those of WAR lines 8-21

and 8-22, make possible the correlation of DSDP sediments with the

sediments of this area. Lighter sediments, 1.7 gm/cm3, in the contin-

ental shelf and the existence of a Quaternary section in the Azuero

Basin define the Quaternary sediments shown in the geologic section

(Figure 12) on the continental shelf.

Lack of strongly metamorphosed rocks and the relative scarcity of

seismicity inside the Gulf of Panama allow the assumption that sub-

duction is not and has not been an important process in central-

eastern Panama, A second possibility, obduction, geologically char-

acterized by sequences of ophiolites with serpentinized periodotite

(Coleman, 1971) is not justified because of the scarcity of these rocks

in the Isthmus of Panama.

As an alternative, the strongly deformed sediments observed in

vertical reflection profiles north and south of the isthmus, the

folded oceanic layer assumed in the magnetic analysis, and the thick
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crust under Panama required by the gravity model, imply a zone of com-

pression between two oceanic plates, as a dominant mechanism. At the

same time, low angle and slow velocity subduction of the Caribbean

plate under the rising oceanic block is possible (Figure l4c)

In this context it is understandable that a large part of Panama,

east of the Canal Zone, will be of oceanic nature resulting from up-

lift of the oceanic layers that are essentially of Late Cretaceous to

Early Tertiary age and containing a great variety of rocks. The deep-

est rocks of the crust are probably Cretaceous in age. The magnetic

anomalies suggest sediments in the Colombian Basin and north coast of

Panama may range from Late Cretaceous to Quaternary.

The present tectonic features, seismicity south of the Gulf of

Panama and in northwestern Colombia, and the high heat flow measure-

ments in the same area,may indicate that the site of plate interaction

has shifted again to the south. At the base of the continental slope,

southeast of the Azuero Peninsula, vertical reflection records (Lowrie,

1978; Wroistad and Johnson, 1976) suggest some kind of faulting. Jordan

(1975) assumes a left-lateral strike-slip fault, south of the Panama

Gulf. This thesis accepts strike-slip motion as the most probable.

Terry (1956) pointed out the sinking of the Pacific side of Panama in

post-Pleistocene time. It seems that the Isthmus of Panama is being

detached from the Nazca plate as a new independent block. Figure 15

outlines a proposed present tectonic configuration of Panama and West-

ern Colombia. The south boundary of the block is located at the belt

of seismic activity at the base of the Pacific continental slope of

Panama. The north boundary is at the gravity low running east to west
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at lO°N latitude, that Bowin (1976) has associated with subduction.

East and west boundaries of the Panama Block are related to fault sys-

tems; the Western Andes (Campbell, 1974) and Atrato (Ramirez, 1975) in

Colombia and a northwest-southeast system (King, 1969), along the east

side of the Azuero Peninsula.



CONCLUSIONS

The available magnetic, gravity, and seismic information reported

in this thesis are interpreted to indicate that the nature of the lith-

osphere under the Gulf of Panama is oceanic. The upper part of this

lithosphere originated at the Malpelo Ridge, beginning 31 m.y. ago.

The magnetic anomalies in the Gulf of Panama indicate a spreading

velocity faster than the magnetic anomalies south of the continental

slope. The depth of the oceanic crust (the source of the magnetic

anomalies) is shallower in the area of the Gulf than to the south, but

the anomalies are oriented approximately parallel to the anomalies

described by Lonsdale and Klitgord (1978) of the gulf.

Seismicity south of the Gulf of Panama suggests the existence of a

fault paralleling the continental slope. The interpretation of the

tectonics of Panama in this thesis is consistent with the motion of the

fault being left-lateral strike-slip.

The gravity anomaly map shows that two elongate minimums of al-

most the same amplitude, -90 and -100 mgal, border the Isthmus of

Panama to the south and north. However, distortion of the southern

elongated gravity low at its eastern end suggests the presence of a

northeast-southwest system of faults.

Despite the fact that subduction of the Nazca Plate under the

South American Plate appears to be occurring as far north as 4°N

latitude along the margin (Aldrich etal., 1973; Ocola etal., 1975;

Meyer etal., 1976), subduction is less active at 4°N latitude than far-

ther south in the Peru-Chile Trench. At this latitude, subduction is
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shifted landward and strike-slip faulting is present in the continental

margin of Colombia. A simple boundary between South America and the

Nazca Plate does not exist at this latitude. The boundary is a wide

zone where low-angle thrust and strike-slip faults coexist.

Uplift of the Isthmus of Panama, associated mainly with the

collision between the Nazca Plate and the Caribbean Plate, resulted in

deformation of the sediments in the continental margins of Panama and

folding of the upper crust in the Pacific oceanic shelf. A piece of

Farallon Plate overlying the Nazca Plate in the region of the isthmus

is probable due to underthrusting of the Nazca Plate prior to or con-

temporaneous with the collision. This hypothesis allows subduction of

the Caribbean Plate beneath the Nazca and the overlying Farallon Plate.

Because of the complex motions of the interacting plates, and the

extensive volcanism, oceanic layers ranging in age from 32 m.y. to 80

m.y. are found in the small area of Panama and its continental shelves.

It is necessary to identify the seismic reflectors of Caribbean

crustal layers A" and B" in the Colombia Basin closer to Panama to

prove or disprove the correlation proposed by Case (l974b) between the

basalt-chert contact in the Golfo de San Miguel and the horizon B" in

the Caribbean.

Seismic activity, especially in the south part of the Gulf and

north Pacific coast of Colombia, suggests continuing tectonic activity

in this area. An independent block in the process of being detached

from the Nazca Plate is proposed. A more detailed study of the fault

system along the east and west boundaries of the proposed Panama Block

will help clarify the independence of this block.
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