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motion. The thickness of the sediments along the cross section and

east of the Tres Marias Islands reaches 1.5 km.
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GRAVITY AND STRUCTURE OF THE PACIFIC CONTINENTAL
MARGIN OF CENTRAL MEXICO

INTRODUCTION

The central part of the Pacific margin of Mexico presents such a

diversity of tectonic and structural features as to make the region both

a very attractive place to work and a very difficult place to under-

stand. Extensive work has been done in the past particularly in the

Gulf of California and its mouth, and many fairly similar explanations

have been proposed for their origin. Because a complete understanding

of the San Andreas-Gulf of California Fault System will only come when

the mouth of the gulf itself is understood, this was made. one of the ob-

jectives of a large scale cooperative project between the Geophysics

Group at Oregon State University (OSU) and the Direccion General de

Oceanografia (DGO) of the Secretaria de Marina of Mexico. Initiated in

1975, the primary purpose of the project was to complete a reconnaissance

study of the entire Pacific Exclusive Economic Zone of Mexico. In 1980

the first section of a geophysical atlas was published that presents

free-air gravity and magnetic anomaly maps of the western continental

margin of Baja California (Calderon and Couch, 1980).

For this study, all of the gravity data collected in the study area

on four cruises of the OSU/DGO project, as well as that acquired on

previous OSU cruises in the area have been compiled and presented as a

contoured free-air gravity anomaly map of the area that extends from a

line between Guaymas and Rocas Alijos in the north, southward to Punta

Mangrove and extending approximately 200 nia offshore. Characteristics

of the map are discussed below in terms of the regional tectonic framework.



Figure 1 illustrates the major structural and tectonic features of

the study area. The nomenclature used for that part of the East Pacific

Rise (Menard, 1960) between the Tamayo Fracture Zone and the Rivera

Fracture Zone (Larson et al., 1968), and for that part of the Middle

America Trench (Fisher, 1961) north of the Rivera Fracture Zone, is the

same as that used by Ness et al. (1981); that is Rivera Ridge and Rivera

Trench, respectively. The divergent boundary between the Pacific and

Cocos plates, the East Pacific Rise, is located south of the Rivera

Fracture Zone (Molnar and Sykes, 1969). Also south of the Rivera Fracture

Zone, the Middle America Trench marks the convergent boundary between the

Cocos and North American plates (Molnar and Sykes, 1969). The series of

en echelon transform faults inside the Gulf of California south to the

Tatnayo Fracture Zone separate the Pacific Plate from the North American

Plate (Larson et al., 1968). Four major basins are located in this part

of the Gulf of California, the Guaymas, Carmen, Farallon and Pescadero

(Rusnack et al., 1964). The scarp west of the Tres Marias Islands

(Fisher, 1961) drops 4000 meters in depth over a distance of 25 km.

Any reconstruction of the opening of the Gulf of California must of

necessity address the problem of the age and location of the Tres Marias

Islands. These islands are reported by Lopez Ramos (1976), to be of

Mesozoic age and therefore are much older than the time, about four

million years ago, at which the mouth of the gulf began opening accord-

ing to Larson et al. (1968), and are located in such a position as to

prevent the graphical reclosure of the gulf by simple, unidirectional,

sequential reconstruction. Therefore, this study also investigates the

structure of the crust and subcrust along a profile oriented perpendicular
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central part of the Pacific continental margin
of Mexico and adjacent abyssal plains.
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to the linear trend of the Tres Narias Islands and the very prominent

Tres Marias Escarpment. A geophysical cross section has been constructed

along the profile that is constrained by gravimetric, seismic and bathy-

metric data. The model cross section provides boundary conditions useful

both in evaluating previously presented reconstructions and in developing

new ones.
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PREVIOUS GEOPHYSICAL STUDIES

Harrison and Mathur (1964) constructed a Bouguer anomaly map of the

Gulf of California. They related the gravity anomaly trends to the

pattern of basins and en echelon faults described by Rusnack et al.

(1964). Through two-dimensional modeling along some tracklines they con-

cluded that there is a long, narrow dense strip of crust which resembles

an oceanic crust below the gulf, and that the intrusion of heavy rocks

into the lower crust caused the gravity highs characteristically found

over the basins.

Worzel (1965) reported 18 submarine pendulum measurements made in

the study area, south of the gulf and west of the Peninsula of Baja

California, aboard the USS Chopper and USS Bergall. These measurements

were not interpreted locally, but they were used in a global study to

form conclusions about the figure of the earth and the International

Gravity Formula.

Gumma (1973) contoured a free-air gravity anomaly map of the Rivera

Fracture Zone and constructed three geophysical cross sections perpendi-

cular to the fracture zone axis. He found evidence for the presence of

a low density root underlying the fracture zone.

Huehn (1977) constructed a free-air gravity anomaly map of the of f-

shore area southwest of Magdalena Bay, off southern Baja California. He

also constructed a two-dimensional geophysical section across the

southern ulf and peninsula, constrained by bathymetric, seismic and

magnetic data. This section indicated the presence of a low density

upper mantle beneath the Gulf of California and a Moho depth of approxi-

mately 21 km under Southernmost Baja California.



Coperude (1978). constructed a similar geophyiscal section across

the south-central peninsula. He interpreted observed magnetic anomalies

along the continental slope to be as young as 6 MY, contrary to the con-

clusions of Atwater (1970) and Chase et al. (1970) that subduction off

south-central Baja California ceased approximately 11 MY ago. Coperude's

section also indicated the presence of a low density upper mantle under the

Gulf of California and a Moho depth of 20 km under south-central Baja

California.

Bathymetric studies by Rusnack et al. (1964) delineated a series of

en echelon faults which extend the length of the Gulf of California and

are oriented approximately 100 counterclockwise to the general trend of

the Gulf and the peninsula of Baja California. Four major basins, con-

necting the en echelon faults, were also distinguished in the part of the

Gulf shown in Figure 1. These are the Guaymas Basin, the Carmen Basin,

the Farallon Basin and the Pescadero Basin. Measurements made of the

length of separation along the faults within the gulf were of the order

of 250 km.

Wilson (1965) proposed that the San Andreas fault system, between

the Rivera Ridge and the Gorda and Juan de Fuca ridges, constituted a

single dextral ridge-ridge transform fault along which the Gulf of

California opened. Later, Vine (1966) considered a similar mechanism,

but instead of considering the gulf as part of a single transform fault,

he described an en echelon series of transform faults offset by spread-

ing centers, consistent with the observations of Rusnack et al. (1964).

Seismic refraction studies reported by Phillips (1964) in the Gulf

of California, and in the mouth of the gulf, indicated the presence of
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oceanic crust beneath the basins of the central and southern parts of

the gulf, and a crustal structure very similar to that of the East

Pacific Rise. Four refraction stations located in shallow water west of

Mazatlan and east of the Tres Marias Islands supported the conclusion

that the thickness of the crust in this shallow water area is between 15

and 20 km. However, in the area east of the Tres Marias Islands, Phillips

(1964) indicated the measurements are open to question due to difficulties

with water-wave propagation parameters.

Molnar (1973) determined fault plane solutions for earthquakes in

the Gulf of California and along the Rivera Fracture Zone. He showed

that right-lateral, strike-slip faulting occurs along northwesterly

trending planes within the Gulf, parallel with the orientation of the

en echelon faults delineated by Rusnack et al. (1964). In contrast,

fault plane solutions along the Rivera Fracture Zone, particularly along

its eastern end, show different orientations to that in the Gulf. He

concluded that the Rivera Plate acts independently of the North

American Plate.

Larson et al. (1968) concluded from bathymetric and marine magnetic

anomaly studies in the mouth of the Gulf of California that the southern

part of the Baja California Peninsula separated from mainland Mexico

4.5 MY ago, that the Rivera Plate was presently bonded to North America,

and therefore that the Rivera Fracture Zone constituted a Pacific-North

American plate boundary. They determined a Pacific-North American plate

separation rate of 5.6 cm/yr in the mouth of the Gulf of California.

Atwater (1970) proposed that a trench along the western margin of

North America has consumed most of the Farallon Plate, the now missing



eastern half of the plate, indicated by the western half of the magnetic

anomaly and pairs west of the ridge, and finally the ridge itself. Sub-

duction ceased as the Faraflon-Pacific Ridge converged with the trench

along one or more triple points. Strike-slip motion along the San

Andreas fault system began locally as subduction ceased. Baja California

rif ted away from mainland Mexico after a ridge jump from the slope base,

west of Baja, into a protoguif east of the peninsula.

Larson et al. (1972) attempted to identify marine magnetic anomalies

within the Gulf of California but, except for the area just north of the

Tamayo Fracture Zone, they were unable to do So.

Maimnerickx et al. (1978) constructed a bathymetric map of the Rivera

Fracture Zone and vicinity and Bischoff and Niemitz (1980) mapped the

bathymetry of the Gulf of California north of the Tres Marias Islands.

However, one feature, important to the subject of this thesis, a linear

bathymetric minimum east of the Tres Marias Islands does not show on

either of those maps. This feature is shown on a bathymetric map of the

mouth of the Gulf of California constructed by Ness et al. (1981).

Haq, Yeats et al. (1979) reported an age for the basement at DSDP

site 473 (20°58'N, 107°02'W) of approximately 6.5 MY, based on paleonto-

logical determinations. Ness et al. (1981) have confirmed that age after

analyzing magnetic anomaly profiles across the site.

Curray, Moore et al. (1979) on leg 64 of the DSDP project drilled

the lower continental slope and oceanic crust at the southeastern tip of

Baja California. They proposed that an initial stage of rifting of the

Baja peninsula, characterized by block faulting and subsidence, started

in the late miocene, much earlier than the proposed first exposure of



true oceanic crust in the mouth of the gulf about four million years

ago.

Mammerickx (1980), using newly compiled and contoured bathymetric

data, and the map-view magnetic anomaly profiles published earlier by

Larson et al. (1968), proposed that an older spreading center used to

exist in the mouth of the Gulf, east of the present one, between 6 and

3.5 MY ago. This earlier spreading episode formed the bathymetric high,

which she calls the Maria Magdalena Rise, located immediately west of

the base of the Tres Marias Escarpment.

Ness et al. (1981) prepared both bathymetric and crustal age maps

along swaths 200 km wide parallel to DSDP leg 63 tracklines in the

vicinity of the mouth of the Gulf of California. Their interpretation

of magnetic anomaly profiles obtained in the region as part of a recent

joint Mexican-American geophysical mapping project, does not support the

existence of an earlier aborted ridge on the Maria Magdalena Rise as

proposed by Mammerickx (1980). Instead, they argued that progressively

older magnetic anomalies extend to the southeast of the Rivera Ridge

and across the Maria Magdalena Rise. To the west of the ridge, the

absence of anomalies older than about four million years appeared to

Ness et al. (1981) to require an episode of subduction beneath south-

eastern Baja California, and concomitant strike-slip faulting on or

along the western margin of the peninsula similar to that proposed by

Spencer and Normark (1979).

From these studies we learn the evolution of the theories proposed

for the origin of the Gulf of California and how they have improved.

However there are still unanswered questions regarding the structure of
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the crust and subcrust for all the continental margin south of the Gulf

of California. This study is intended to show a general overview of the

structure by means of the free-air gravity anomaly map, and in particular

to determine quantitatively the crustal and subcrustal structure of that

area south of the Tres Marias Islands by constructing a cross section.

From the economic point of view the model will help to determine

structure on the continental margin and the thickness of sediments and

possibly provide data to assess the mineral wealth of the area.
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THE DATA BASE

Data Description and Location

Project MARSUR ("southsea"), and two cruises associated with that

project, MARSUR-77 and MARSUR-78, was a direct continuation of an earlier

BAJAproject, and its associated cruises, BAJA-75 and BAJA-76. These

are all part of a long term, joint effort initiated in 1975 by the Geo-

physics Group at Oregon State University and the Direccion General de

Oceanografia of Mexico that intended to collect gravity, magnetic and

bathymetric data from the Pacific continental margin of Mexico, and to

use these new data to compile a reconnaissance scale geophysical atlas

of the Mexican exclusive economic zone that extends 200 nm seaward of

the coasts of Mexico.

Data from previous Oregon State University cruises have been inte-

grated with MARSUR and BAJA project data to form a large, similarly-

navigated data set, that was processed and evaluated using the same

criteria. Table 1 lists the cruises and percentages of collected data

used in this study, and Figure 2 shows the tracklines of these cruises

in the study area. Figure 2 also shows submarine pendulum gravity sta-

tions reported by Worzel (1965) and land gravity data obtained from the

Defense Mapping Agency Aerospace Center (DMAAC). In certain areas,

particularly the Rivera Fracture Zone and southeast of it, gravity trends

found in ROSE project data were used in this study to fill gaps in the

OSU/DGO survey trackline distribution. However, no effort was made to

rigourously re-navigate and integrate the entire ROSE data set with the

OSU/DGO information.
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TABLE 1. List of cruises used for this study.

CRUISE ID SHIP INSTITUTION GRAy. MAG. BATHY.

YALOC69APR Yaquina OSU 66 99 80

YALOC71O2 Yaquina OSU 80 76 99

YALOC71O9 Yaquina OSU 87 83 99

YALOC711O Yaquina OSU 83 89 100

YALOC73O2 Yaquina OSU 93 85 95

YALOC73O9 Yaquina OSU 97 96 99

BAJA-75 D-20 OSU/DGO 99 99 95

W 7503 Wecoma OSU 95 99 99

BAJA-76 D-20 OSU/DGO 99 99 95

MARSUR-77 N. Matamoros OSU/DGO 95 99 100

MARStJR-78 N. Matamoros OSU/DGO 95 99 100

Figure 3 shows part of a larger-area bathymetric map prepared by

Ness et al. (1981). The contour interval is 200 meters. On land, the

topography is contoured at a 1000 meter interval. The topographic in-

formation was taken from maps published by the Comision Intersecretarial

Coordinadora del Levantamiento de la Carta Geografica de la Republica

Mexicana (1957-1958). The location of two seismic refraction lines re-

ported by Phillips (1964) are shown in Figure 3. These lines extend

southeast of station 21 and between stations 22 and 23. Figure 3 also

shows the location of a seismic refraction line on land southeast of

station 928 reported by Meyer et al. (1957).

The trackline separation along the continental margin, within the

Gulf of California and in the Rivera Fracture Zone ranges from 10 to

30 km, approximately. On the abyssal sea floor tracklines are spaced

approximately 20 to 40 km apart. Structures of shorter wavelength than



Figure 3. Bathymetric and topographic map of the area near the Tres Marias Islands
showing the location of seismic refraction lines and the model cross
section.
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the trackline separation can be missed, however, the increased station

density along the tracklines provides an indication of the wavelengths

of the gravity anomalies and therefore the structures expected in the

region.

Data Acquisition and Processin

Gravity Measurements

All marine gravity data, except in the Yaloc-69 cruise, were col-

lected using LaCoste and Romberg Surface Ship Gravity Meter S-42 mounted

on a gyro stabilized platform. LaCoste and Romberg gimbal mounted meter

S-9 was used on Yaloc-69. During the Yaloc-69 cruise, the 1973 R/V

Yaquina cruise and the Baja-75 cruise the meter recorded gravity mea-

surements continuously on strip charts. These analog records were later

hand digitized at a five minute interval. On the other cruises, while

readings were also made continuously on strip charts, the system auto-

matically recorded gravity in digital form every 30 seconds. This

interval was later reduced to five minute samples for plotting. This

sampling rate yielded one data point approximately every 1.2 to 1.5 km

depending upon the ship speed.

Because the shipboard gravity meter records only relative values

it was necessary to tie the sea measurements to land stations where

absolute values of gravity had been established. This task was done by

measuring the gravity difference with LaCoste and Romberg G-126 land

gravity meter between the place where the ship was docked and a nearby

International Gravity Station. Table 2 lists land base stations used on

MARSUR-77 and 78. These land values were also used to monitor the drift



of the S-42 gravitymeter. For MARSUR-77 the total drift was 3.61 mgal

in 31 days, for MARSUR-78 the drift was 5.48 in 39 days. Gravity base

stations for other data used, are given by Huehn (1977).

TABLE 2. Gravity base stations used during MARSUR-77 and MABSUR-78.

Gravity Station DesignationLocation Source(mgal) in Source

San Diego 979517.7 Worzel (1965) f

Guaymas 979164.77 Universidad Nacional 23
Autonotna de Mexico (*)

(*) DMAAC Reference Publication No. 25 (DMAAC, 1974)

The principles of measuring gravity at sea have been discussed by

LaCoste (1967). The following is a brief summary of that discussion.

On a moving platform, certain considerations must be made which are not

necessary in land gravity measurements. First, because gravity is an

acceleration, it must somehow be discriminated from ship accelerations.

To accomplish this the characteristic frequencies of the vertical motion

of the ship are used to separate vertical accelerations from gravity.

Averaging over a time longer than the ships period, the undesired effect

is removed by assuming that no changes occur in the vertical velocity.

Stabilized platform meters are theoretically free of horizontal acceler-

ation effects due to ocean waves, although LaCoste (1967) has shown that

there is an error given by:

E = - X"e - ge2/2

where X" is the horizontal acceleration due to the meter table being

off-level, e is the off-level angle and g is the instantaneous value of
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gravity. By keeping the ship at constant speed and heading for long

distances, horizontal accelerations due to meter table being off-level

are minimum and the errors are negligible. Another effect, called cross-

coupling, results from the interaction of unfiltered horizontal acceler-

ations and the vertical accelerations of the beam where the measuring

mass is hinged. An analog computer evaluates the magnitude of the tor-

que produced by the horizontal accelerations about the horizontal axis

where the beam rotates, and the cross-coupling correction is applied to

the output.

The difference in the value of g recorded by a meter that moves with

the earth and that recorded by a meter moving relative to the earth is

called the Etvs Correction; and at the sea surface has the form:

Ec = (2VV + v2) /

where is the speed of the rotation of the earth's surface at latitude

. R is the earth's radius also at latitude , and Ve is the easterly

component of V, the total velocity of the ship. This correction is

added or subtracted, respectively for easterly or westerly directional

components of the ship's velocity.

The initial processing of underway geophysical data was carried out

on the Geophysics Group's ECLIPSE computer system, and subsequent pro-

cessing used the OS1J computer center's CDC3300 system. The first part

of the processing consisted of creating a data file free of obvious

scaling and digitizing errors in a format ready to be merged with the

navigation file. In the second part, a merging program calculated the

Etv8s corrections and computed free-aii gravity anomaly values. The
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free-air gravity anomaly is defined as the difference between the Etv8s-

corrected, observed gravity values as measured at sea level and the so-

called theoretical value of gravity, calculated for that latitude

using the International Gravity Field of 1967. A mathematical expression

for gravity on the surface of a uniform rotating oblate spheroid, which

is the closest approximation to the equilibrium sea level surface of the

earth, yields the theoretical value of gravity as a function of latitude

q (International Association of Geodesy, 1971). This expression, known

as the International Gravity Formula, provides a reference to which gra-

vity on the real earth can be compared. The most recent version, adopted

by the International Association of Geodesy is given by the equation:

= 978.03185 (1 + 0.005278895 sin2 + 0.000023462 sin4) gals

The estimated root-mean-square uncertainty is 5.0 mgal based on an

analysis of the differences in gravity measurements at 40 trackline

crossings. Submarine pendulum gravity values agree with our data with

differences less than 5 mgal, which is the same as the RNS, except for

a station just west of Cabo San Lazaro which is almost 30 mgal lower.

The discrepancy is probably due to a location difference.

Magnetic Measurements

The total magnetic field was measured with a Geometrics G-803

Marine/Airborne Proton Precession Magnetometer. Towing the sensor behind

the ship approximately 180 meters to avoid interference, the measure-

ments were recorded on magnetic tape every 30 seconds and also continu-

ously on strip charts. This interval was reduced later to five minute

samples for plotting. This sampling rate yielded one data point
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approximately every 1.2 to 1.5 km depending upon the ship speed. The

uncertainty in marine magnetic measurements depends primarily upon lo-

cation uncertainties, because the anomalies are short in wavelength and

big in amplitude. For this reason, no attempts were made to remove the

lower-amplitude longer wavelength diurnal variations. Magnetic storms

are not very severe at these latitudes and they could be recognized.

The total magnetic field anomaly was obtained by subtracting the

1975 International Geomagnetic Reference Field values (International

Association of Geomagnetism and Aeronomy, 1976) from the measured total

magnetic field. This process was done by treating both quantities as

scalars, which in this case is valid because the anomaly values range

between zero and 500 nanoteslas approximately and the IGRF is of the

order of 50,000 nanoteslas (Huehn, 1977).

Bathymetric Measurements

A bathymetric recording was made continuously and displayed on a

single-channel graphic recorder. These records were later hand digitized

at a five minute interval except where higher sampling rates were re-

quired because of distinctive bathymetric features. One data point was

obtained approximately every 1.2 to 1.5 km or less using this sampling

rate. The readings, in uncorrected fathoms, were transformed to

corrected meters by using Matthews (1939) tables for the velocity of

sound in sea water, at the step of merging these data with the navigation

file.
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Navigation

Positions along the ships track during MARSUR-77 and 78 were ob-

tamed by satellite navigation using a Tracor single frequency satellite

navigation system. This navigational system is of very high quality,

with the limit of accuracy depending upon an accurate estimate of the

ships velocity at the time of satellite passage. In low to middle

latitudes it provided fixes at an average of once every 90 minutes.

Dead reckoning navigation provided position estimates between satellite

fixes. During dead reckoning the velocity of the ship was obtained by

reading the shaft revolutions of the ship's main engines On tachometers,

while the corresponding ship's course readings were obtained from the

gyrocompass. An empirical relation between shaft revolutions and speed

was obtained by comparing speed overground between fixes where there

were no speed changes (G. Connard, OSU, personal communication).

An electronic clock in the acquisition system, set to G.M.T., pro-

vided an accurate time reference.

All of this information was input to one of the most important

parts of the processing scheme, program NAVIGATE. Here, a comparison

of predicted values versus observed Etvs corrections permitted adjust-

ments to be made to the navigational data. Finally, the navigation data

was iteratively adjusted to minimize the differences in gravity values

at the intersection points of tracklines.
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INTERPRETATION

Free-Air Gravity Anomaly Map

Figure 4 shows a free-air gravity anomaly map of the central part

of the Pacific continental margin of Mexico which covers the area that

extends from a line between Guaymas and Rocas Alijos in the north, south-

ward to Punta Mangrove and southwestward approximately 200 nm offshore.

This map is contoured at a 10 mgal interval and heavy contours occur

every 50 mgal. Hachures on closed contours indicate lower values and

absence of hachures indicate higher values inside contours. The esti-

mated RMS uncertainty is 5.0 mgal based on an analysis of the differences

in gravity measurements at 40 trackline crossings.

The maximum gravity value in the area is slightly above 60 mgai and

is found associated with the San Benedicto Island and near the Tres

Marias Islands. No bathymetric relief is related to the high located

northeast of the Tres Marias Islands (Ness et al., 1981), it suggests

the presence of heavy material underneath, probably some kind of vol-

canic intrusion. There is also a 60 mgal contour centered at 17.7°N,

104.6°W which lies within a southeast trending anomaly and is coincident

with a bathymetric feature rising about 800 meters from a depth of 3400

meters (G. Ness, OSU, personal communicatiOn). The 60 mgal high at

approximately 25.7°N, ll3.4°W also has a related bathymetric high

(Coperude, 1978). A minimum gravity value of -180 mgal is found just

southwest of the Tres Marias Islands. This elongated negative anomaly

runs parallel to the Tres Marias Scarp then turns southwards and extends

to a point about 30 km west of Cabo Corrientes. At this point, the axis
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of the gravity minimum, jumps to the southwest and then continues along

the bathymetric axis of the Middle America Trench. This gravity minimum

is interrupted offshore of Manzanillo, and then continues towards the

southeast and off of the map. The offset seaward of the gravity anomalies

southwest of Manzanillo appears to be related to an extension of the

eastern end of the Rivera Fracture Zone into the trench. The maximum

gravity gradient in the study area is 10 mgal/km and is located just south

of the Tres Narias Islands where the free-air gravity anomaly values

change from -180 mgal to +60 ingal over a distance of approximately 24 km.

The -60 mgal anomaly located approximately 50 km west of Cabo

Corrientes is a relative high in this area. It is associated with a

bathymetric high shown on the bathymetric map of the region prepared by

Ness et al. (1981).

South of Manzaniilo, an almost N-S trending gravity low on the con-

tinental shelf is associated with a similarly oriented bathymetric fea-

ture described by Fisher (1961). Northwest and southeast of this

trough, closed contours of -60, -20, -60, and -100 mgal indicates a

mass deficiency, probably associated with light sediments which cover

deeper structural features. Relative highs of +40, -70 and -40 tngal on

the other hand, suggest that heavier material underlie the relatively

smooth bathymetry.

A very prominent gravity minimum on the map is the curved negative

anomaly trending generally southeast from 20°N, 109.4°W. This is the

gravity expression of the Rivera Fracture Zone which has been examined

previously by Guinma (1973). Because this map included information not

available to Gumma, at least two, new, well-defined lineations are found
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in the western and central parts of the Rivera Fracture Zone.

Trending almost south from 18.5°N, 107°W, a long narrow gravity

anomaly with values as low as -30 mgal is associated with the bathy-

metric depression here called the Anomaly Three Deep (G. Ness, OSU,

personal coniniunication). A relative high is located east of this

anomaly, extending south from approximately 18°N, 105.3°W. It is re-

lated to a bathymetric rise which marks the present location of the

East Pacific Rise. West of the Anomaly Three Deep a -30 mgal gravity

low oriented E-W is also related to the bathymetry.

North of San Benedicto Island, a -30 mgal free-air anomaly trends

almost E-W, then changes to a northeast direction. The E-W part of this

anomaly is probably related to the Clarion Fracture Zone. The second

part is associated with a bathymetric trough on the western side of and

parallel to the Rivera Ridge. There are almost no distinctive anomalies

on the Rivera Plate. The average free-air anomaly values for this area

are between -20 and +10 mgal, and imply regional isostatic equilibrium

along the Rivera Ridge and plate. However, it is noteworthy that a

very slight, linear trend is associated with the Esplandian Fracture

Zone (Ness et al., 1981). This feature has a strong bathymetric

expression.

On the western side of Baja California, an elongated gravity mini-

mum occurs at the base of the continental slope, it curves and ends

approximately at 23°N, lll°W and is probably associated with a relic

subduction zone (Huehn, 1977; Coperude, 1978; Calderon, 1979; Calderon

and Couch, 1980).

Many lineations in the gravity anomalies are found in the qulf of
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California that are oriented approximately 100 counterclockwise to the

general trend of the gulf. Starting from the northernmost edge of the

map, the -40 mgal gravity low northeast of the Guaymas Basin extends

southeast to approximately llO°W. This pronounced fracture zone exten-

sion is not easily observable in the bathymetry, but the gravity ex-

pression indicates the lineation is about 180 kin long, only from the

edge of the map. The -50 mgal anomaly at the southwestern part of the

same basin extends in the same direction. It ends just northwest of the

Carmen Basin. Three negative anomalies ranging from -60 to -80 mgal

coincide with the Carmen, Farallon and Pescadero Basins described by

Rusnack et al. (1964). The anomaly which corresponds to the Farallon

Basin shows both southeast and northwest extensions. There are several

distinctive anomalies at the western side of the gulf with values rang-

ing from -60 to +40 mgal. The general character of these anomalies

south of 25°N is to be low landward and high seaward. All of the highs,

except the one located at 24°N west of the Farallon Basin are associated

with bathymetric highs rising about 400 meters from a depth of 1000

meters. The elongate anomaly centered at 23.7°N, 109.5°W seems to be an

extension of the Tainayo Fracture Zone, which also has a gravity low

oriented southeast centered at 23°N, 108°W. Just south of this fracture

zone, and with the same orientation, there exists another elongated

gravity anomaly which reaches -50 mgal but does not have any bathymetric

feature associated with it, which suggests the presence of a deeper

linear structural feature probably covered with light sediments. North

of this feature, a positive anomaly with two lobes and the two positive

anomalies located near 22.5°N, 106.5°W are coincident with an equal
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number of structural features rising about 800 and 400 meters, respec-

tively above the sea floor, to peaks at depths of slightly less than

600 meters. East of the Tres Marias Islands, a pronounced linear

gravity minimum, here called the San Blas Trough, is colinear with and

parallel to the Tamayo Fracture Zone. This relationship may simply be

coincidental. Alternatively, the linéation in gravity, and the less

well-defined bathymetric trend associated with it, may mark the trace of

a structural offset along which the Tres Marias Islands have moved re-

lative to the nearby mainland. If this is possible, it may help provide

an explanation for the present position of the islands with respect to

reconstructions of the early opening of the mouth of the Gulf of

California.

In order to investigate the deeper structures of the continental

margin in this key area, a geophysical cross section has been con-

structed.

Cross Section

Figure 3 shows the location of the southern Tres Marias crustal and

subcrustal cross section, as well as the bathymetric, topographic and

seismic data used to constrain the model. The westernmost end of the

section at 20.25°N, l07.38°W is located on oceanic crust about 75 km

west. of the seismic refraction line reported by Phillips (1964) that ex-

tends southeast from his station 21. The cross section passes southeast

of the Tres Marias Islands and crosses the coastline about 15 km north-

west of San Bias. The easternmost end is located approximately 70 km

west of Fresnillo, Mexico, where it intersects a single-ended seismic
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refraction line reported by Meyer et al. (1957). This seismic line is

oriented almost perpendicular to the cross section.

Figure 5 shows the Southern Tres Marias cross section at two differ-

ent scales, the upper section with a vertical exaggeration of 4 to 1 and

the lower with no vertical exaggeration. The numbers inside the blocks

represent densities in grams per cubic centimeter, the heavy bars indi-

cate seismic refraction horizons. The lower solid curve above the model

represents the observed free-air gravity anomaly along the section, and

the open circles represent computed gravity values. The uppermost pair

of curves represent synthetic and observed magnetic anomalies along the

section.

The free-air gravity values to the left of seismic line 21 range

from -10 to 15 mgal; then decrease almost monotonically from there to the

base of the continental slope where the minimum value is slightly less

than -170 mgal. The steepest gravity gradient, 10 mgal/km, occurs over

the continental slope. The anomaly reaches a maximum value of more than

60 mgal at the seaward edge of the continental shelf, and then gradually

decreases with minor highs and lows until it reaches a value of -10 mgal

10 km off the coast.

In order to obtain a gravity datum for the eastern end of the sec-

tion, three gravity values located near the point where the section

intersects the seismic refraction line were averaged, and this value was

assigned to that point.

A computer program developed by Lu and Keeling (1974) that uses the

method of Taiwani and Fieirtzler (1964) was used to generate a theoretical

magnetic anomaly according to the time scale of Ness et al. (1980) in a
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two dimensional horizontal slab. The theoretical magnetic anomaly

shown in Figure 5 is similar to that which would be measured at the sea

surface over a source body that consists of normally and reversely mag-

netized blocks 500 meters thick, at a depth of 3.4 km with a spreading

rate of 5.6 cm/yr.

A comparison of the observed and theoretical magnetic anomalies

shows a correlation between 4.2 MY, at the west side of the profile, and

7.8 MY, at the distance marked 80 km. From this point eastward, the

magnetic anomalies do not appear to correlate with the theoretical

anomalies based on the magnetic timescale of Ness et al. (1980) and

therefore, they are postulated to be caused by the magnetization of

structures within the continental margin. This same correlation is

found in other profiles both north and south of the cross section, and

is consistent with the isochron map of Ness et al. (1981) based on their

interpretation of marine magnetic anomalies.

The procedure for constructing a geophysical cross section is des-

cribed below. The location of the cross section was chosen in such a

way as to accomplish the two-dimensionality required by the modeling

program developed by Taiwani et al. (1959). Assuming that no lateral

inhomogeneities exist in the mantle below 50 km a model of the crust and

subcrust is constructed. Using the method of Taiwani et al. (1959) the

gravitational attraction produced by the model is computed along the

profile. The gravitational attraction produced by an oceanic standard

section 50 km thick (e.g. Barday, 1974) is subtracted from the computed

values and the result is the computed free-air gravity anomaly produced

by the two-dimensional model. This computed free-air gravity anomaly
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can be compared with the one observed in the field and the model can

then be iteratively adjusted until the computed and observed anomalies

match.

Barday (1974) generated a standard oceanic section based on seismic

refraction measurements and empirical relationships between velocity and

density. Barday's section uses 1.03 gr/cm3 for the water layer, 2.00

gr/cm3 for the sedimentary layer one, 2.60 gr/cin3 for oceanic layer two,

2.90 gr/cm3 for oceanic layer three and 3.32 gr/cm3 for the mantle den-

sity. The section yields a gravitational attraction of 6442.0 mgal.

Table 3 shows the standard section of Barday; the layer thickness

(T), seismic velocities (V), and densities (D) for the three seismic

refraction lines used to constrain this model. The densities were ob-

tained from velocities using the empirical relation of Ludwig et al.

(1970). The choice of densities also had to yield a gravitational

attraction consistent with the observed free-air anomaly value over the

station.

The completed model section indicates that from the west end of the

section at approximately the distance marked 100 kin, the Moho depth is

10 km or less with a density of 3.28 gr/cm3. This density is slightly

less than in the standard section. This part of the section is rela-

tively close to the Rivera Ridge, consequently the low density mantle is

a result of increased temperature due to the proximity of the ocean ridge

(Taiwani et al., 1965). Farther northeast, the Moho dips at an angle of

about 6 degrees until it reaches a depth of about 40 km beneath the

mainland near the point marked 420 km. Hachures indicate that the man-

ner and position of the transition to that portion of the mantle with



TABLE 3. Seismic refraction station velocity data and related densities near the Tres
Narias Islands, and the standard oceanic section.

Standard 21 23 928

T V D T V D T V D T V D

Water 4.05 1.03 325 1.50 1.03 .35 1.50 1.03

Layer 1 .46 2.00 .42 2.00 1.90 .85 2.18 2.00

Layer 2 1.10 2.60 1.21 5.56 2.65 2.90 5.12 2.55

Layer 3 4.00 2.90 4.33 6.63 2.94 6.00 2.75

Layer 4

Moho 3.32 7.86 3.28 7.60 3.30

T = Thickness in kin; V = Velocity in km/sec; D = Density in gr/cm3.

.80 3.00 2.22

3.40 4.95 2.55

28.50 6.00 2.75

10.20 7.63 3.24

838 3.32
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density 3.30 gr/cm3 is uncertain. An oceanic layer of density 294

gr/cm3 thickens and bends downward as it approaches the continental

slope. A transition layer with fairly constant thickness and a density

of 2.65 gr/cm3 also bends çlownward at the base of the continental slope.

A basin, approximately 15 to 20 kin wide, and 2.5 to 3 km thick, filled

with sediments of density 1.90 gr/cm3 occurs at the slope base and ex-

tends toward the western end of the section. At the top of the contin-

ental shelf, an irregularly shaped sedimentary layer, modeled with den-

sities 1.90 and 2.00 gr/cm3, gradually decreases in thickness until it

disappears at the coast line. The maximum thickness of the sediments is

approximately 1.5 km. Underlying the sedimentary layer, another layer

3 . .of density 2.55 gr/cm , also of irregular thickness, which outcrops in

the state of Zacatecas, is reported by Lopez Ramos (1976) as composed

of Middle Cenozoic lava flows, breccias and tuffs. This layer increases

in thickness below the higher topographic elevations. The lower portion

of the continental crustal section is made up of two blocks. The upper

block with a density of 2.75 gr/cm3 extends seaward and is exposed at

the Tres Marias scarp. Lopez Ramos (1976) reported that rocks of the

Tres Marias Islands include Mesozoic intrusives. Consequently, the upper

block is interpreted as an older continental crystalline complex of

Mesozoic to Paleozoic age. The block of density 3.24 gr/cm3 is inter-

preted as the continental crystalline rocks of the lower crust.

At the transition zone from oceanic to continental crust below the

continental slope, the oceanic crust bends downward as it approaches the

continent and then suddenly terminates. We also observe a component of

underthrusting of the oceanic crust beneath the continental block. This



33

configuration suggests that at some time in the past the oceanic crust

of the Pacific Plate had been subducting beneath the continental margin

of the North American Plate when changes in relative plate motion

occurred that subsequently caused subduction to change to a transform or

strike-slip motion. Therefore the apparent structure of the continental

margin of Central Mexico reflects and is a consequence of the opening of

the Gulf of California and the northwestward migration of peninsular

Baja.
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CON CLUS IONS

This work integrates all of the gravity data collected during pro-

ject MARSUR with that previously obtained during the Yaquina, Wecoma and

Baja cruises on the central part of the Pacific Continental margin of

Mexico. The gravity anomaly associated with the Middle Pmerica Trench

shows an interruption of the gravity anomaly trend offshore of Manzanillo

that is probably caused by the intersection of an eastward extension of

the Rivera Fracture Zone and the trench. A subtle change in the con-

figuration of the gravity anomaly at the Rivera Fracture Zone shows two

newly-discovered, well-defined lineations in the western and central

parts of the fracture zone. From the gravity anomalies, whose amplitudes

are between -20 and +10 mgal in the area of the Rivera Ridge and on both

the east and west flanks of the ridge, we conclude that the area is in

nearly isostatic equilibrium. Considering that the bathymetric map shows

the Rivera Ridge rising approximately 400 meters above the surrounding

abyssal depth of about 3200 meters, it is suggested that lower density

material must be underneath the ridge to compensate for the extra mass

associated with the elevated ridge.

Extensions of the en echelon fracture zones within the Gulf of

California are revealed by the gravity anomalies. An observation of

particular importance for the reconstruction of the opening of the mouth

of the Gulf of California, is that the gravity low southwest of the

Pescadero Basin appears to be an extension of the Tamayo Fracture Zone.

This indicates that the fracture zone was once active closer to Baja

California that it is now. Southeast and parallel to this fracture zone

a well-defined gravity low with no bathymetric expression is colinear
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with and probably an extension of the SanBlas Trough. This linear

gravity trend may represent the trace of a possible northwest displace-

ment of the Tres Marias Islands relative to the nearby mainland.

A possible extension of the Esplandian Fracture Zone intersects the

cross section and the model shows a normal component of faulting approxi-

mately at the point marked 90 km. At this location, magnetic anomalies

indicate the age of the oceanic crust is Late Miocene and the model

cross section indicates a Moho depth of about 9.6 km. West of this

point the oceanic crust is younger and the Moho depth ranges between 9

and 10 km. The configuration of the transition zone from oceanic to con-

tinental crust below the continental slope suggests that in the past

subduction of the oceanic crust of the Pacific Plate occurred beneath

the continental lithosphere of the North American Plate. Later changes

in relative plate motion may have caused the subduction to stop and

change to a transform or strike-slip motion.

East of the Tres Marias Islands and along the model cross section

the maximum thickness of the sediments on top of the continental shelf

is 1.5 km. Further detailed studies in this Tertiary basin may indicate

local structures of commercial interest.
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