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The integration of new data with previously existing geophysical
data for the western continental margin of Mexico between 27.

00

and

30 0 N, Lat., yields a free-air gravity anomaly map and a total mag-

netic field anomaly map for the western continental margin of central
Baja California a free-air gravity anomaly map for the central Gulf of

California and two crustal and subcrustal cross sections which extend

from the Pacific deep sea,across central Baja, the central Gulf of
California and central Sonora.

Between 27.0° and 29,50 N. Lat. the free-air gravity anomalies
show striking similarities to that of most known active convergent
continental margins, with the notable exception of a slightly seaward

displacement of the gravity lowover the trench. North of 29 0
Lat.

,

N.

the free-air gravity anomalies show an offset of the continental

slope by the Popcorn Fault and north of the fault, the rugged topography of the Continental Borderland causes numerous small anomalies

The seaward extension of the positive gravity anomalies associated

with the islands of the Western Cape region suggests that most of the
continental margin of western Baja California consists of "Franciscan"

material. Vizcaino Bay shows a free-air gravity anomaly of +100
mgal associated with a high density intrusive body and a gravity low

of -70 mgal over the seaward extension of the 'Baja California
Syncline".

Toward the eastern end of Vizcaino Bay, the free- air

gravity contours parallel the seaward extension of the Santillan and

Barrera Lineament.
The total magnetic field anomalies off central Baja seaward of

the continental slope base are associated with remanent magnetization of the oceanic crust. These anomalies are offset left laterally
by the Molokai and the Popcorn Fracture Zones and indicate that

oceanic crust underlies the western continental margin of Baja
California at least 75 km landward of the axis of the Cedros Trench.
Magnetic anomalies landward of the continental slope base are as so-

ciated with the structures of the San Benito Ridge, the Santillan and

Barrera Lineament, the fractured Franciscan basement of the San
Quintin Trough and the intrusive body in southern Vizcaino Bay.

The single channel seismic reflection profiles for the western
continental margin of central Baja California show acoustic basement

ridges and troughs and suggest the upper sedimentary layers are
deformed and highly fractured.

The free-air gravity anomalies of the central Gulf of California.
are all negative and correlate with the Angel de la Guarda, Guaymas

and Carmen structural lineaments. The Delfin, Salsipuedes., San
Pedro Martir and Guaymas Basins, all exhibit gravity lows.
Salsipuedes Basin characterized by a gravity low of -100 mga

is postulated to be another spreading center for this area.
Two crustal and subcrustal cross sections constructed for
this study, consistent with observed gravity and magnetic anomalies

and constrained by seismic refraction and geology, indicate a crustal
thickness of 21 km for Baja California.

The crustal structure of

the central Gulf of California shows a thin crust over a low density
upper mantle. The geological interpretation of the crustal sections

indicates the rocks of this margin consist of Tertiary and Quaternary

sediments, Tertiary sedimentary rock, metamorphic rock of
Franciscan type, Tertiary gabbroic intrusive rock, Neogene rifted
oceanic crust and block faulted crust of continental type.

The tectonic interpretation of the geophysical data suggests that

imbricate thrusting is the mechanism responsible for the seaward
growth of the western continental margin of Baja California. This

interpretation also suggests that the East Pacific Rise was subducted
under the western continental margin of Baja California and subse-

quently stopped its spreading activity between the times of formation
of Anomalies 5A and 5 (12 to 10 my B. P.).
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A MARINE GEOPHYSICAL STUDY OF VIZCAINO BAY
AND THE CONTINENTAL MARGINS OF WESTERN MEXICO
BETWEEN 27° AND 30° NORTH LATITUDE
INTRODUCTION

The western continental margin of Mexico presents tectonic

characteristics that make it unique among continental margins of the
world. Figure 1 shows the continental margin of Mexico. South of

21.0° N. Lat. is an active convergent margin (e.g. Molnar and
Sykes, 1969; Hatherton, 1974) where the Middle America Trench

and a zone of high seismicity mark the subduction of the Cocos Plate
beneath the North American Plate (Moiriar and Sykes, 1969). North

of 21.0° N. Lat, the East Pacific Rise passes into the Gulf of Callfornia (Menard, 1960), and the gulf trough is considered an active

divergent margin, where the strike-slip separation of peninsular
Baja California from continental Mexico results in the formation of
new oceanic crust (Wilson, 1965; Vine, 1966). At the same time the

western margin of the Peninsula of Baja California is considered to
be a relict convergent continental margin where once the Farallon
Plate converged with the North American Plate (Atwater, 1970;
Atwater and Molnar, 1973).

The close proximity of passive margins, active margins,
spreading of the sea-floor, and transform faults offshore of Mexico,
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provides a unique area to study geodynamic processes and to test
recent theories concerning the development of continental margins

(e.g. Dickinson, 1971, 1973; Seely et al., 1974; Moore and Karig,
1976), within the frame of plate tectonics.
In 1975 the General Directorate of Oceanography of Mexico and

the Oregon State University Geophysics Group initiated, as a cooper-

ative project, the marine geophysical study of the entire western
continental margin of Mexico. The objectives of this project were to

acquire a large set of uniformly distributed and precisely located
geophysical measurements for the region and to apply the resulting

data to the study of specific scientific problems of the area.
This thesis, developed within the context of the latter purpose,
has as its main objective the geophysical study of the western continental margins of Mexico, between 27. 0 and 30.00 N. Lat., with

special emphasis on the crustal and subcrustal structure of these
margins and their significance to theories of continental margin
formation.

4

REGIONAL PHYSIOGRAPHIC AND TECTONIC SETTING
OFTHE WESTERN CONTINENTAL MARGINS OF MEXICO

BETWEEN 27.00 and 30.0° N. LATITUDE

The area of study of this thesis comprises the western continental margin of the Peninsula of Baja California, Vizcaino Bay, the
margins of the Gulf of California, and adjacent land portions of central
Baja California and Sonora, Mexico. The study area extends west

into the Pacific basin to 117.0 W. Long. To the east it extends into
mainland Mexico to 110.0° W. Long. Figure 2 outlines the area of
study.

Figure 3 shows the regional tectonic setting and physiographic
divisions within 110.0° and 117.0° W. Long. Seven natural physio.-

graphic provinces differentiated on the basis of distinctive charac-

teristics, are considered in this discussion. They are from west to
east: the Baja California Seamount Province (Menard, 1955), the

Continental Borderland Province (Shepard and Emery, 1941), the

Peninsular Ranges Province (Beal, 1948), the Western Cape Province
(Beal, 1948), the Gulf of California Trough Province, the Sonora
Basin-and-Range Province, and the Sierra Madre Occidental Province
(Ordorez, 1936).

Baja California Seamount Province

The Baja California Seamount Province located on the deep-sea

floor, extends from the Murray Fracture Zone on the north to the
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Clarion Fracture Zone to the south. This province is a mountainous
area, characterized by an irregular topography studded with volcanoes
(Menard, 1955). Guadalupe Island, standing above sea level immedi-

ately to the west of the study area at 29. 0° N. Lat., is composed of
two partly overlapping caic-alkaline shield volcanoes of late Tertiary
and Quaternary age (Johnson, 1953; Batiza, 1977). In general the

depths of the abyssal sea floor of this province increases toward the
west and average more than 2000 fathoms (3656 m). East of Guadalupe

Island and south of 29.5° N. Lat. the sea floor of this province is
known as the Guadalupe Arrugado (Irause, 1961) and consists of a

gently rolling surface of folded sediments with a series of northsouth elongated hills standing on an anomalously shallow deep- sea
floor of 1900 fathoms (3473 m) depth.

The eastern margin of the Guadalupe Arrugado is a flat-floored
trough known as the Cedros Deep or the Cedros Trench. This ft.ature
marks the seaward edge of the continental slope along most of the
western continental margin of Baja between 27. 0° and 29.5° N. Lat.
The Popcorn Ridge (Krause, 1965) trending east-west at approx-

imately 29. 4° N. Lat., fcrms the boundary between the southern
Continental Borderland Province and the Guadalupe Arrugado. The

southern boundary of the Guadalupe Arrugado area is the Shirley Trough

or the easterrimost part of the Molokai Fracture Zone.

This bathy-

metric feature trends to the west- southwest and extends from 116. 8

[I]

Li

W. Long. to the Hawaiian Islands (Menard, 1967). West of Baja the
depths of the Shirley Trough average approximately 2400 fathoms
(4387 m). South of this feature the depths of the abyssal sea floor and

the general topography are similar to the Baja California Seamount
Province.

Continental Borderland Province

In the study area the Continental Borderland Province

com-

prises the western continental margin of Baja California between
28.50 and 30. 0° N. Lat. This province, first named by Shepard and

Emery (1941), extends regionally from Point Arguello to Cedros
Island on the northern part of Vizcaino Bay. The region is differ-

entiated mainly by an extremely irregular topography of ridges and

basins, in contrast with the more normal topography of continental
shelf, slope, and abyssal floor.

The part of the Continental Borderland located between 28. 5°

and 31.00 N. Lat., is a few hundred meters deeper than the northern
borderland (Krause,
ment (Krause,

The region also lacks the sharp escarp-

1965).

1964, 1965;

Moore,

1969)

that delineates the continen-

tal slope north of 31.00 N. Lat. and instead has a well defined continental slope. The ridges in this area are mainly either narrow and

steep or low and very broad, contrasting with the flat-topped topography of the northern banks.

Peninsular Ranges Province

The Peninsular Ranges Province extends from the Transverse
Ranges in southern California to the tip of the Peninsula of Baja
California (Jahns, 1954; Hammond, 1954). Between 27. 0° and 30.00

N. Lat. the Peninsular Ranges are bounded by the Santillan and

Barrera Lineament (Santillan and Barrera, 1930) on the west (Figure
3) and the Main Gulf Escarpment on the east (Gastil et al., 1975). This

province is characterized by high mountains that reach their maximum
elevation (1500 m) along the gulf side of the peninsula. The eastern

slopes of the mountains are abrupt while the western slopes are long
and gentle.
North of 28. 00 N. Lat., nearly the entire width of the peninsula

is mountainous, with the mountains being mainly granitic. South of
28.

00

N. Lat., the peninsula attains its greatest width, and the gran-

itic mountains characteristic of the northern peninsula are here confined to the eastern side of the peninsula, gradually changing to a less
continuous chain with a backbone of volcanic flows and pyroclastics

(Rusnak and Fisher, 1964).

In general the Peninsular Ranges north of 28. 00 N. Lat. differ
from those to the south in having greater elevations and an exposed
core of westward tilted batholithic rocks (Beal, 1948; Wisser, 1954;

Gastil et al,, 1975).

10

The Western Cape Province

The Western Cape Province extends from the Santillan and

Barrera Lineament on the east, to the San Benito Fault on the west,
and lies between 27. 0° and 28.50 N. Lat. In this region the Penin-

sula of Baja California widens abruptly toward the west, reaching its
maximum width at the 27. 8° N. latitude near Punta Eu.genia.

The province is characterized by a Pacific coastal range, mountam

ranges of San Jose and Eugenia (Mina, 1957) that extend north-

west toward Cedros and San Benito Islands, and by a very broad

desert area, the Desierto de Santa Clara (Beal, 1948) or Desierto de
Vizcaino (Mina, 1957).

These sierras include a series of peaks, that in some aspects
are very different from the mountains of the Peninsular Ranges Prov-

ince to the east. Rocks of the San Jose and Eugenia Ranges, consist
of metasediments and metavolcanics of Franciscan age (Mina, 1957;
Minch et al., 1976) not found in the mountains of the Peninsular

Ranges (Mina, 1957; Wisser, 1954; Gastil et al., 1975).

The Vizcaino Desert is a basin like depression, sloping northwestward, filled with Mesozoic and Cenozoic sediments. This desert

forms part of the Baja California hSyncline (Beal, 1948; Mina, 1957).

11

Gulf of California Trough Province

The Gulf of California is a structural trough reaching near-.
oceanic depths, that extends from Cape San Lucas on the south to the
Colorado Delta on the north. The lateral boundaries of this province

are the Main Gulf Escarpment (Gastil et al., 1975) on the mountainous
Peninsula of Baja California and the sedimentary plains of Sonora
and Sinaloa, Mexico. The length of the gulf is approximately 1500

km and its average width a little less than 100 km.
Between 27. O and 30.

OD

N. Lat. the gulf includes two of the

three morphological regions of the Gulf Province (Rusnak et al.,

1964), part of the northern and all of the central regions.
The part belonging to the northern region lies north of Tiburon
Island and northeast of Angel de la Guarda Island.

This region is

mostly at shelf depths and a thick layer of alluvial sediments covers
the bedrock structure. The bottom topography in this area is smooth
and bowl shaped (Rusnak et al,, 1964; Henyey and Bischoff, 1973)

and does not exhibit fault features as strongly as in the other regions.

The part of the study area located in the central gulf lies west
and south of Angel de la Guarda Island, and southwest of Tiburon
Island. The most important characteristics of this region are a series

of elongated basins trending almost subparallel to the gulf axis, and

a series of en echelon fault escarpments (Rusnak et al., 1964).

'a

The Sonora Basin-and-Range Province

The Sonora Basin-and-Range Province is a southward extension
of the Basin and Range Province of the western United States (King,
1969).

In the study area this region lies between the eastern margin

of the Gulf of California and the Sierra Madre Occidental (King, 1939).

The area is characterized by a flat, broad, west-dipping plain,
the Sonora Desert, covered by alluvial sediments of Quaternary age
in broad pediments and bajadas from which deeply eroded mountain

ranges, rock ridges and nubbins of diverse composition and age

protrude (Ordoez,

1936;

Lopez-Ramos,

1976).

The mountains of

this region are from 100 to 1500 m high, except in the eastern part
where they join the Sierra Madre Occidental. The elevations of the

ranges decrease toward the Gulf of California and in general they

trend in a northwest direction.
The Sierra Madre Occidental Province

The eastern margin of the study area lies within the Sierra
Madre Occidental Province. This region consists of a Cordilleran

system of mountains that has no direct physiographic continuation into
the United States. The province averages 320 kilometers in width and
extends southward to 14. 00 N. Lat.

The average elevation of the Sierra Madre Occidental is

13

approximately 2100 meters, with some summits reaching altitudes
of 3000 meters above sea-level. The sierras are folded together with

their parallel and uniformly high crests separated by deep canyons.
The composition of the mountains of the Sierra Madre is mostly

volcanic. Some sedimentary ranges occur between others made of
intrusive rocks at the northern end of the province (King, 1939;

Lpez-Ramos, 1976).
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PREVIOUS STUDIES

This thesis constitutes the first geophysical study of the Vizcaino
Bay region of Baja. California and the central Gulf of California that

integrates gravity, magnetic and seismic data. However, the geology
nd physiography of the area have been examined by many previous

workers, and certain geophysical characteristics of the region have
been individually treated in the past.
Continental Margin of Western Baja California

Figure 4 shows the bathymetry of the continental margin of

western Baja California, in the study area, contoured at intervals of
200 fathoms (365 m).

This map, published by the United States Naval

Oceanographic Office (USNOO, 71) compiles the early work of Shepard

and Emery (1941), Menard (1955), Emery (1960), Krause (1961),
Uchupi and Emery (1963), Krauss (1964, 1965), and Moore (1969).
The study of Shepard and Emery (1941) suggested that the Con-

tinental Borderland south of 31.00 N. Lat. is a few hundred meters
deeper and of a different physiographic nature with respect to the

northern borderland.
Fisherts study (1953) of the Cedros Trench or Cedros Deep off

Baja California indicated that this near shore depression is remarkably flat-bottomed. He concluded, based on a reversed refraction
profile, that the sedimentary fill of the trench thickens from the west
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Figure 4. Bathymetric map of the western continental margin of Baja California between
27.00 and 30.00 N. latitude (USNOO, 1971). NSQB; Northern San Quintin Basin,
SSQB; Southern San Quintin Basin, GA; Guadalupe Arrugado, CD; Cedros Deep, ST;
Shirley Trough. Depth in fathoms.

side of the trench to the east side. The maximum bottom to subbottom reflection time interval obtained in his study of the trench was
1. 6 seconds of two way travel time, roughly equivalent to about 1. 6 km

of sediments assuming a velocity of sound propagation of 2.0 km/sec.
Studies by Menard

(19559

1960) of the northeast Pacific Basin

recognized the Murray and Clarion Fracture Zones, and named the

abyssal sea floor between these two fracture zones, the Baja California Seamount Province because of its mountainous nature. Menard

also indicated the existence of another fracture zone halfway between
the Murray and Clarion Fracture Zones and named it the Molokai

Fracture Zone (Figure 3). In addition, he noted that the depth of the
sea floor between Guadalupe Island and the Cedros Deep was anoma-

lously deep with respect to adjacent areas.
Krause (1961) studied the area east of Guadalupe Island and

obtained the first known magnetic profiles in that region. He named
this area the Guadalupe Arrugado (rolling plain). His studies showed
this area to lie at anomalously shallow depths between 1800 (3290 m)
and 2000(365 6 m)fathoms (GA in Figure 4). He concluded the arrugado

was an anticlinorium in normal oceanic crust.
Uchupi and Emery (1963) studied the continental slope between

San Francisco, California and Cedros Island. They noted the marked
contrast between the continental margins north and south of 29. 50 N.
Lat. They indicated that south of this latitude, in the Vizcaino Bay and
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Vizcaino Peninsula areas, the continental slope has a width of 35 km,

trends northwest-southeast, and descends from a well defined shelfbreak to the Cedros Trench at a depth of about 2400 fathoms (4387 m).

North of the same latitude their study shows the continental slope as a

sharp escarpment that descends from a deep ridge to a continental
rise of about 2100 fathoms (3839 m), and trends northwest-southeast
in line with the continental slopes farther south and north. They
related some rocks dredged from the continental slope off Vizcaino
Bay to rocks of the basement complex exposed on nearby Cedros
Island.

Fisher and Hess (1963) published the first seismic refraction

cross section in the study area. The section extends from the
Guadalupe Arrugado at approximately 28.5° N. Lat. through San Benito
Islands and Vizcaino Bay. The most important features of their section

are: a) the change from typically continental to typically oceanic crust
over a distance of 50 km and b) the range of sound velocities for the
material underlying the San Benito Islands which they reported to be

from 3.8 to 5.66 km/sec.
The first detailed geologic study of the San Benito Islands,
reported by Cohen et al. (1963), shows these islands to consist of a
complexly folded and sheared eugeosynclinal sequence of graywacke,

chert, basalt and altered basalt, carbonate, serpentine, and glaucophane rocks. Most of the structural elements they mapped, including

1N

a shear zone on West Island with right lateral movement, generally

trend in a N 30 W direction which is parallel to the trend of struc
tural elements in both Baja California and Alta California.

The

association of rocks on the San Benito Islands, the study concludes,

is strikingly similar to the Franciscan rocks of California and is
therefore tentatively identified as such.

TI

Von Herzen and Uyeda (1963) reported the first heat flow value

for the study area. They obtained 2.52 x io6 cal/cm2 at about
28.00 N Lat. and 117.2° W. Long. They considered the measuremerit to indicate an abnormally high heat flow.

During the first phase of project Mohole (Horton, 1961), Von
Herzen and Maxwell (1964), at the Guadalupe Mohole test site, obtamed a heat flow value of 2. 81 x 10_6 cal/cm2. This high heat flow

is approximately twice the average value for the Pacific Ocean area
(Von Herzen and Uyeda, 1963). Nevertheless, the study concluded

that this high heat flow value was consistent with the structure and
tectonics of the region.
Von Herzen (1964) reported six more heat flow values for the
area surrounding the Guadalupe Mohole test site. He found the

average of the six measurements to be 2. 86 x lo_6 cal/cm2, value

very similar to the heat flow value obtained for the Mohole test site.
He also noted that individual measurements varied by as much as a

factor of 2 over a few tens of kilometers, even within the relatively
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smooth floor of the arrugado, suggesting the source of these variations to be local intrusions of magma beneath the sediments. A
southwest-northeast heat flow profile published in his study showed

that the heat flow values increase to the east.
Krause (1964, 1965) showed that the general features of the

Continental Borderland extend as far south as 28. 50 N. Lat. He

noted that the southern borderland lies a few hundred meters deeper

than, and the topography of its ridges is different from that of the
northern borderland. Of the several basins he mapped in his study,
only San Quintin Basin extends into the present study area (N and SSQB in

Figure 4). In his interpretation of the bathymetric and magnetic data,
he traced the San Benito Fault from Punta Eugenia to about 29. 5° N.

Lat. and 117.00 W. Long. (Figure 3). Other structural features
identified by Krause include the east-west Popcorn Fault and its left

lateral displacement (Figure 3), and a series of anticlines in the
Guadalupe Arrugado area. The total field magnetic anomaly map he

compiled for the area illustrates the large geomagnetic anomalies
associated with the present coast line, and the north- south magnetic
anomalies associated with the oceanic crust. Of seven dredge hauls
south of 30. 0° N. Lat. he reported that four brought up volcanic rocks

of assumed Late Tertiary to Recent age.
Kilmer (1966, 1969) compiled the first detailed geologic map of
Cedros Island. His study shows the island to be a northwestward
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extension of the ranges in the Peninsula of Vizcaino. Figure 5 shows

the generalized geology of Cedros Island compiled from his studies.

In the southern part of the island, the oldest rocks form a Francjscan
type assemblage with ages ranging from Late Jurassic to Early Cre
taceous.

This assemblage includes graywacke, shale, greenstone,

chert, glaucophane schist, and serpentine. In the northern part of
the island the older rocks are an igneous assemblage with ages from
Early to Middle Cretaceous. The assemblage consists of greenstones

volcanic breccias, andesitic dikes, and granitic rocks. The sedimentary sequence adjacent to the igneous assemblage consists of 2, 590

meters of Late Cretaceous formations and 366 meters of Cenozoic
deposits.

Moore (1969) studied the Continental Borderland north of 29. 00

N. Lat. using seismic reflection profiles and detailed bathymetry.

For the part of his study area included in this thesis, he essentially
mapped the same features as Krause (1965), with the exception of

the Popcorn Fault (Figure 3), which he extended east to the continental shelf off Baja California at 29. 50 N. Lat.
McKenzie and Morgan (1969), in their study of the evolution of

triple junctions, concluded from magnetic data that at least until 32
my ago (anomaly 10 time) there was a trench along the west coast of
North America. This trench consumed the Farallon Plate along with

its associated magnetic anomalies, explaining the presence in most
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of the northeastern Pacific of only one-half of the anomaly pattern

that is expected from symmetrical spreading.
Atwater and Menard (197O also examined the magnetic data for

the northeast Pacific. Their map shows the Molokai Fracture Zone
offsetting the magnetic lineation pattern, and anomaly 5B as the
youngest identifiable anomaly just west of the continental margin off
Baja California.

Chase et al. (1970) interpreted the anomaly patterns off Baja
California south of 28.

00

N. Lat. Their interpretation pictures the

evolution of the East Pacific Rise as it approached North America.
Prior to anomaly 6 time (21 my B. P. ) the orientation of the rise was

in a north-south direction. Between anomalies 5D and 5B time (18 to

15 my B. P.) the rise bent to the west, suggesting proximity to the
North America Plate. By anomaly 5 time (10 my B. P. ) the southern

part of the ridge started to change its spreading direction to the
present one (the ridge today trends northeast and spreads in a north-

west direction). From their correlation of the magnetic lineations
with theoretical spreading models, they deduced a half spreading rate

of 1.6 cm/yr north of 25.00 N. Lat. Their study mapped anomaly
5A (12 my B. P. ) as the youngest identifiable anomaly along the con-

tinental margin off the Peninsula from 24. 50 N. Lat. to 28.

00

N. Lat.

Taylor et al. (1971) conducted an aeromagnetic survey off the
Peninsula of Baja California between 28. 0° and 32. 0° N. Lat. Their
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correlation of the magnetic anomalies in this area extended the work
of Chase et al. (1970) to the northern continental margin off Baja
California. They confirmed the left-lateral offset of the magnetic

lineations by the Molokai Fracture Zone and identified anomaly SA
(12 my B. P. ) as the youngest magnetic anomaly along the western
continental margin of Baja California between 28. 0° and 30. 0° N. Lat,

They found the spreading rates in their study area to vary with latitude
and obtained half spreading rates for the area between 28. 0° and 30. 0

N. Lat. from 1.5 to 1.9 cm/yr.
The studies of Atwater (1970) and Atwater and Molnar (1973) on

the magnetic lineation patterns of the northeastern Pacific extended
the models for the Cenozoic evolution of the North American continenL

According to those authors the East Pacific Rise, or the spreading
center producing the Pacific and Farallon Plates, came close to
North America at about 38 my B. P. At this time subduction of the

Farallon Plate occurred along a trench at the base of the continental
margin of North America. The North American Plate and the East
Pacific Rise came in contact by about 29 my B. P. Two triple junc-

tions resulted from this contact as the North American Plate overrode the East Pacific Rise. The evolution of these triple junctions
resulted in a right-lateral transform fault between them that marked
the contact between the North American and the Pacific Plates. The

Farallon Plate continued to be subducted north and south of the triple
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junctions. The model assumes that the age of the youngest identifiable
anomaly off the continental margins of North America indicates the

time when the rise started to be subducted in the area. For the area
off Baja California between 27.00 and 30.0° N. Lat., the models propose 13 to 11 my B. P. as the time when subduction ceased. Atwater
(1970) proposed that between 11 my B. P. to 5 my B. P. the East

Pacific rise shifted to its present position causing the opening of the
Gulf of California, the transferring of Baja California from the North
American Plate to the Pacific Plate arid the complex structures of the
Continental Borderland. These models explain the absence of spread-

ing centers in the northeastern Pacific between the mouth of the Gulf
of California and the Mendocino Fracture Zone. The disappearance

of the Farallon Plate explains the absence of the eastern half of the
magnetic anomalies and the fact that the oceanic crust west of the
continental margin of Baja California becomes older to the west.
Suppe (1970), using as evidence the basalt sampled by Krause

(1964, 1965), suggested that the area of the borderland between 29.5°

and 32. 0° N. Lat. is a rhombochasm, a tectonic area exposing new
oceanic crust, with its opening related to an early period of motion of
the San Andreas Fault system.
Doyle and Bandy (1972) studied the borderland off Baja Califor-

nia between 29. 5° and 32. 0° N. Lat. prompted by the conclusion of
Suppe

(1970).

Combining seismic profiling with lithologic and
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biostratigraphic analyses of dredged samples, they concluded that
this area 'cannot be considered a San Aridreas-related rhombochasm.

They also stressed the fact that this area is more continental than
oceanic in both structure and lithology.

The most recent studies of the Continental Borderland off Baja
California are those of Normark (1977), Doyle and Gorsline (1977) and

Plawman (1978). Normark analyzed seismic reflection and lithologic

data of the western continental margin of Baja California south of
30.

00

N. Lat. For the Vizcaino Bay area his seismic reflection pro-

files show this bay as a broad synclinorium plunging northwest into
San Quintin Basin (SSQB, Figure 4). He discusses the pattern of

northwest-trending ridges and banks observed in the reflection pro-

files as being the result of slivering due to the transform motion that
occurred along most of the continental margin off western Baja Cali-

fornia during the migration of the Pacific-North American Plate
boundary to its present position. Based upon the age of dredged
samples Normark concluded that most of the deformation observed in

the reflection profiles occurred in Late Neogene time.
Doyle and Gorsline (1977) restudied the Continental Borderland
off Baja California down to 28.

00

N. Lat. using additional seismic

reflection profiles and pipe-dredge hauls plus the rock collection of
Krause (1964, 1965). Their analysis of the bathymetry extended the

fold concept of Emery (1954) for the northern borderland to this area.

They concluded that all of the borderland forms a broad northeasttrending synclinorium. Their analysis also shows the Baja California
Borderland dominated by three major troughs, of which only the trough
associated with the San Quintin Basin extends into the area of this
study (SSQB, Figure 3). Their lithologic studies show that the area

to the west of Punta Baja (30. 0 N. Lat. ) is underlain by Franciscan
type basement. They also report the existence of basalt as young as
I my.

Plawman (1978) compiled free-air and Bouguer gravity maps, a

total magnetic field anomaly map and two crustal cross sections for
the Continental Borderland between 30. 00 N. Lat. and 33.

00

N. Lat.

His geophysical maps suggest the existence of a buried trench along

the base of the Patton Escarpment and the existence of Franciscan
rocks under the Continental Borderland. His crustal sections, he

concludes, may represent the kind of structure dereloped by crustal
rifting at the time the East Pacific Rise was subducted under this part
of the continental margins of the Californias.

Geolov of Central Baja California
Early reconnaissance-scale geological studies of Baja California
include those of Flores (1931), Beal (1948), Wisser (1954k and Mina
(1957).

Recent detailed geologic mapping of the peninsula and its

adjacent islands by Kilmer (1969), Gastil et al. (1975), Minch et al,
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(1976), and Lopez-Ramos (1976) when added to the previous publica.

tions, provides

a

very comprehensive geologic framework for this

study.

Figure 5 represents a generalized geologic map for central Baja
California compiled from the work of the above authors.
Baja California can be divided geologically into two zones: the

zone north of 28. 0° N. Lat. in which the geology is dominated by the

Peninsular Ranges Batholith, and the zone south of 28. 0° N. Lat, in
which the geology is dominated by the metamorphic and sedimentary

rocks of the Western Cape and the Peninsular Volcanic Ranges.

Following Gastil et al. (1975) in the northern zone (28.00 N. to

31.00 N. Lat.) the exposed rocks of the peninsula belong to three main
groups: prebatholithic, Mesozoic batholithic, and postbatholithic ter.

rane. Four belts represent the prebatholithic terrane; the western

most belt comprises rocks that have striking similarities to the Franciscan assemblage of central and northern California (Bailey et al.
1964).

These rocks crop out on San Bento and Cedros Islands (Cohen

et al., 1963; Kilmer, 1969) and include graywacke, chert, serpentine,
and glaucophane schist facies. Rocks of the Franciscan type have

also been dredged in the borderland off Baja California. Emery (1948)

reported the recovery of metamorphic rocks of Jurassic age from
Ranger Bank twelve miles north of the Beriito Islands. Uchupi and

Emery (1963) and Butler (1964) reported similar rocks on the

continental slope west of Baja California. Doyle and Gorsline

(1977)

dredged metagraywacke rocks west of Bahia de San Quintin. Similar

rock types also outcrop on the Vizcaino Peninsula (Mina, 1957; Minch

et al., 1976) and farther south at Magdalena Bay (Yeats et al.,

1971;

Yeats, personal communication, 1977). Their widespread occurrence

suggests that Franciscan-like rocks underlie much of the western con
tinental margin of Baja California. The range of ages reported for

these Franciscantype rocks vary from 95 to 145 my B. P.
Inland, east of the Franciscan belt, lies a belt of Mesozoic
volcanic-volcaniclastic rocks shown in Figure 5 as Mesozoic metavolcanics and metasediments. In the study area this belt consists of 1ime

stones, calcareous siltstories, and mudstones interbedded with volcanic

sandstones, conglomerates, tuffs and breccias. Aridesite is the pre-.
dominant volcanic rock, but the assemblage also includes basalts and
rhyolites. The stratigraphic type-section of this belt is represented
by the Alisitos Formation just south of the Agua Blanca Fault.

East of the Mesozoic volcanic-volcaniclastic belt lies a belt of
Mesozoic metasedimentary rocks, also shown in Figure 5 under the
heading of Mesozoic metavolcanics and metasediments.

This narrow

belt consists mainly of metamorphosed quartz-bearing sandstones,

argillites, and minor carbonate rocks. Between 28. 0° and 30. 00 N.
Lat. exposures of these rocks occur in only a few places such as the
quartzite of Laguna Chapala at 29. 90 N. Lat. and 114. 0° W. Long.

The easternmost belt of prebatholithic rocks is the Paleozoic
metasedimentary belt. Between Z8. 0° and 30. 0° N. Lat. several
outcrops of this belt occur on the gulf side of the peninsula. Near

Bahia Gonzaga the exposed rocks include marbles, slates, wackes,

and

pebbly mudstones. Farther south the outcrops include anhydrites.

The batholithic rocks of the Peninsular Ranges are considered to
be mostly of Mesozoic age, contemporaneous with the Mesozoic meta-

morphic belt discussed before. The rocks of the batholith, shown as

Mesozoic intrusives in Figure 5, crop out extensively between the
Santillan and Barrera Lineament (Figure 3) to the west and the gulf
side of the peninsula to the east. Between 38. 0° and 30. 0° N. Lat.

these intrusive rocks consist of gabbros and diabases near the Pacific

coast, granodiorites

adamellites,

and tonalites in the central

portion of the peninsula, and potassium rich granitic rocks on the gulf
coast. Ages of the batholith rocks obtained by Krummenacher et al.

(1975) using the K-Ar method, range from 107 my on the west side of
the peninsula to 6 my on the east side.

Postbatholithic rocks of the Peninsula of Baja California range

in age from Late Cretaceous to Eocene time. Figure 5 shows rocks
of this group as Cretaceous sediments and Tertiary sediments and

volcanics, respectively. The Upper Cretaceous sediments resulted
from the erosion of granitic and metavolcanic rocks of the central part
of the peninsula. The main outcrop

of

Upper Cretaceous strata occurs
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west of the Santillan and Barrera Linearnent in the Rosario Formation

at 29. 5° N. Lat. The Early Tertiary rocks crop out in several locai
ities and consist of marine Palocene and Eocene strata that range

from deltaic or nearshore deposits to brackish and fresh water
deposits. Volcanic rocks of Tertiary and Quaternary age crop out in

several places between 28. 0° and 30. 0° N. Lat. The Miocene vol-

canics consist mainly of andesite-rhyolite sequences, and the PlioPleistocene volcanics include mostly basalt and basaltic andesites.
South of 28. 0° N. Lat. the geologic pattern of the Peninsula of

Baja California changes drastically. The Peninsular Ranges .Batholith passes under Tertiary volcanics and the peninsula expands
abruptly westward to Punta Eugenia, exposing the largest volume of
pre-Cenozoic rocks of the Franciscan type on the peninsula (Minch

et al.,

1976).

The Western Cape region (Beal, 1948) or Cuerica de Vizcaino

(Mina, 1957) lies between 26. 0° and 28.00 N. Lat. and west of the

Santillan and Barrera Lineament. From west to east the geology of
this region includes rocks of Mesozoic age (Mesozoic metasediments

and Cretaceous sediments in Figure 5) that range from the Upper Tn-

assic to the Upper Cretaceous, and Cenozoic rocks of Paleocene to
the Recent ages (Tertiary and Quater nary sediments in Figure 5),
with the notable absence of rocks of Oligocene age. Rocks of the

Mesozoic outcrop mainly on the westernmost part of the peninsula and
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include the Hipolito, Eugenia,and Valle Formations (Mina, 1957;
Minch et aL, 1976). Rocks of these formations include pillow basalts,

tuffaceous cherts, limestones, graywackes, glaucophane metamorphic

fades, sandstones, conglomerates, siltstones, mudstories, and intrusive volcanics. Mina (1957) and Minch et al. (1976) noted the similar

ity of some of these rocks to rocks outcropping on Cedros and Benito

Islands and to the Franciscan rocks of the Great Valley and Coast
Ranges in California. Suppe (1970), Yeats et al. (1971) and Jones

et al. (1976) discussed the significance of these Franciscan rocks in

terms of the correlation of tectonic belts. They relate the origin and
exposure of these rocks to the convergence of lithospheric plates, the

continental accretion of trench deposits, and the erosion of the continen
tal margin- trench subduction zone.

Rocks of the Cenozoic group overlie the Mesozoic formations on

the westernmost part of the Vizcaino Peninsula and form the upper

part of the stratigraphic column of the Baja California Syncline or
Desierto de Vizcaino (Quaternary on Figure 5). The Cenozoic strati-

graphic column includes the Malarrimo, Bateque, San Ignacio,
Atajo-Comoridu, and Almejas Formations and strata of Quaternary age.

The lithologies of these formations consist of conglomerates, sand-

stones, argillites, mudstones, volcanic breccias, bentonite si1tstones
bentonitic lutjtes, basalts flows, and intrusive volcanics. The sedi-

mentary strata of this group, ranges from purely continental to
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purely marine deposits.
East of the Santillan and Barrera Lineamerit in the study area,
the Comondu Formation (Heim, 1922) overlies the Peninsular Ranges
Batholith whose only other documented outcrops occur south of 28. 00

N. Lat. in the Concepcion Bay area at 26.5° N. Lat. (McFall, 1968),
and in the Sierra Victoria in the southernmost part of the peninsula.
The Comondu Formation of Late Miocene age consists of a thick

series of effusive rocks mainly basaltic, andesitic and rhyolitic flows
tuffs, agglomerates, volcanic conglomerates, and volcanic breccias.

This formation (shown under Tertiary volcanics in Figure 5), besides
covering the peninsular batholith, also overlies unconformably some
Eocene and Lower Miocene marine formations.

According to the rose diagrams of fault trends constructed by
Gastil et al, (1975) and mapped faults by McFall (1968), the major

structural trends of central Baja California are oriented northwestsoutheast with secondary trends north-south and northeast. southwest,
Most of the mapped faults occur in the gulf side of the peninsula. The

displacements of these faults are mostly vertical, and north of 28. 00
N. Lat., they are part of the Main Gulf Escarpment.

The main structural features of central Baja California are:
the Santillari and Barrera Lineament (Saritillan and Barrera, 1930),
the Main Gulf Escarpment, the Gonzaga Lineament, the Baja California Syricline and the San Benito Fault. These features are indicated
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in Figure 3.

The Santillan and Barrera Lineament is an Upper Cretaceous

feature trending northwest-southeast close to the Pacific shoreline, and

marks the eastern limit of a marine transgression. This lineament
constitutes also the eastern edge of the Baja California Syncline (Beal,
1948).

The lineament extends from southern California to Punta

Canoas at about 29. 50 N. Lat. where it enters Vizcaino Bay and re-

appears again to the northeast of Guerrero Negro. From here the
lineament passes under the Comondu Formation at about 26.50 N. Lat.
The Main Gulf Escarpment constitutes the limit between the
Peninsular Ranges and the Gulf of California. This escarpment ex-

tends from southern California down the entire length of the peninsula.
The Gonzaga Lineament is a conspicuous topographic depression

extending north from the Rosarito fault to just south of Bahia Gonzaga.

The nature of this lineament is not yet known (Gastil et al., 1975).
The Baja California 'Syncline' (Beal, 1948) is a downbuckled

structural feature thought to extend the entire length of the peninsula.

This syncline lies between the structural high of the Franciscan type
basement rocks of Vizcaino Peninsula, Cedros, Benito, and Channel

Islands to the west, and the Santillan and Barrera Lineament to the
east. The axis of the synclirie in central Baja California lies to the

west of the coast line in Vizcaino Bay and enters the peninsula at the

northern part of the Vizcaino Desert, from where it extends farther

34

south almost to the tip of the peninsula.

The San Benito Fault is a northwest-southeast trending, rightlateral shear zone that extends from about 29.

00

N. Lat. (Krause,

1965) through the San Benito Islands and the southwestern corner of

Cedros Island (Cohen et al,, 1963; Kilmer, 1966) and on land into
Punta Eugenia (Minch et al., 1976). The origin of this fault is thought

to he related to regional tectonism associated with the opening of the
Gulf of California (Krause, 1965).
Central Gulf of California

The unique setting of the Gulf of California and its importance

to reaching an understanding of the tectonic history of North America

was noted as early as 1924 by Wegener. Several reconnaissance
marine geological expeditions were conducted in the Gulf of California
during the 1930's and 1940's by the Scripps Institute of Oceanography.
The study of Menard (1960) which showed the East Pacific Rise

passing into the Gulf of California and the advancement of the sea-floor

spreading concept (Vine, 1966), turned the gulf into a major area of
study during the 1960's and early l970's. Scientists from many parts

of the world, and in particular from the United States, conducted
detailed geological and some geophysical research in the area.
Wegener (1924) proposed that the Gulf of California opened as

the result of the southward drift of the peninsula.

His conclusions
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did not take into account the sense of displacement and the location of

the San Andreas Fault system.

Shepard (1950) was the first to con-

sider the topography of the Gulf of California as a result of strikeslip faulting with associated rhombic rifting. In this context he was the

first to recognize the sense of motion of the San Andreas Fault system.
Carey (1958) first introduced the concept of rhombochasmic rifting
as the origin of the Gulf of California. His rhombochasrn consisted of

a tectonic parallel-sided 'hole' in the sialic crustal material which

in time is occupied by simatic crustal material. Carey pictures the
gulf originating by the drifting of Baja California away from mainland

Mexico. He also did not consider the role of the San Andreas Fault
system in his scheme.
Hamilton (1961) associated the San Andreas Fault system with

the opening of the Gulf of California. He proposed that the gulf pos-

sibly formed by the thinning, rupturing, and drifting apart of a piece
of continental sial, with heavier subcontinental material flowing in to
form the floor of the gulf. This drifting apart took place along strike-

slip displacements of as much as 480 cumulative kilometers. This
amount of displacement infers that originally the tip of the peninsula

must have been located in front of the state of Jalisco in mainland
Mexico.

Hamilton's study also indicated that the San Andreas fault

system follows the Gulf of California throughout its length, that the
southern half

of

the gulf has a typical oceanic crustal structure, and
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that the northern half has a structure intermediate between those
typical of oceanic and continental crust.

Figure 6 shows the general bathymetry of the central Gulf of
California (after Bischoff and Henyey, 1974). This figure essentially

summarizes the bathymetric studies of Shepard (1950), Busnak et al.
(1964), Moore and Buffington (1968) and Bischoff and Henyey (1974).

The most important feature of the gulf in the study area is without

a doubt its linearity as expressed by steep scarpments and narrow-to broad linear troughs and ridges with intervening basins (Rusnak et al.,
1964).

The study of Rusnak et al. (1964) identified four major basins in

the study area of this thesis; from north to south these basins are the
Delfin Basin (DB in Figure 6), the Salsipuedes Basin (SB in Figure 6),
the San Pedro Martir Basin (SPMB in Figure 6) and the Guaymas
Basin (GB in Figure 6). The depths to the floor of these basins

increase from 900 meters in the Delfin Basin in the north, to Z000
meters in the Guaymas Basin in the south. These basins are con-

nected by three northwest-southeast trending fault escarpments (Figure
3. Rusnak et al. (1964) described the combination of these faults and
basins as an en echelon pattern diagonal to the general trend of the
gulf.

They suggested that the en echelon faults represent the exten-

sion of the San Andreas Fault system into the Gulf of California. In
general their study identified two types of elevations : those forming
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the islands and banks of the western margin of the gulf consisting

mainly of granite, and those associated with the central highs most
of which do not reach the surface and contain basic volcariics. Based

upon the strike-slip displacements inferred for the faults in the gulf
and upon the San Andreas Fault system displacement figure of

Crowell (1962), they suggested that the Peninsula of Baja California
has drifted away from the Mexican mainland by as much as 260 kilorn-

eters. This would place the tip of the peninsula prior to rifting in the
vicinity of Banderas Bay at about 22.

00

N. Lat. on the mainland.

Van Andel (1964) relates the shelf development of the central

Gulf of California to the presence of sediments discharged offshore

by rivers. He describes the eastern margin of the central gulf as
having well developed shelves and slopes in contrast to the western

margin that lacks shelf development except for a small area extending
from 28. 00 to 28. 70 N. Lat. (Figure 6).

Phillips (1964) published the results of a seismic refraction
survey in the Gulf of California accomplished in 1959. The study in-

cluded 24 seismic refraction stations in the gulf itself and 2 stations
in the western continental margin of the peninsula between 23. 00 and
24.

00

N. Lat. For the area of the central Gulf of California between

26. 0° and 30. 0° N. Lat. he reported results for 7 stations. Table 1
presents the velocities and layer thicknesses at these stations. The
crustal structure of the Canal de Ballenas, between the peninsula and

Table 1. Seismic refraction data for the western margin of Baja California and the Gulf of California between 27,00 and 30,0° N, Latitude,
Location of stations is shown in Figure 17.
a,

Pacific Deep-sea Stations
Water

Station
FF-1

Reference

Shor etal. (1970)

FF-2
FF-3

U

FF-4
FS-1

FS-2

Oceanic

Mantle

V

T

V

T

V

T

V

V

3.68

1.49

0.30

2,15

1,03

5,32

3.17

6.68

7,55

4.01

6.67

7. 80

1.03

3, 58

0. 28

3.56

0. 28

3.57

0.38

0. 81

0. 41

1. 50
1. 70

3.54

Fisher and Hess (1963)

Transition

Sediment

T

U

0. 65

4. 35

6.69

0. 84

1

U

5. 13

6. 80

8.02

4. 80

4.00

6.00

7.60

5.00

4. 80

6. 20

8, 20

b. Western Baja California Continental Slope and Shelf Stations

Sediment

Water

Station
FS-3

FS-4

Reference
Fisher and Hess (1963)

V

T

V

T

0. 24

1.49

0. 2

2,0

0.66

2,0

2, 4

1, 50

0.08

Layer 2

Layer 1

T

Layer 3

Mantle

T

V

T

V

V

3. 8

7. 80

5.60

8. 60

6. 50

8. 10

3.75

5. 80

5. 70

7. 80

6.60

7, 80

V

Table 1. continued
c. Gulf of California Stations

PH-2
PH-3

Layr la

Layer 1

Water

Station

Layer 2
T
V

Reference

T

V

T

V

T

V

Phillips (1964)

0.07

1.49

0.51

1.74

1.96

4.72

4.34

5.48

0.07

"

1. 31

1. 80

2.62

4. 45

4. 76

5. 84

11

Mantle

Layer 3
T

V

V

12.70

6.46

8.35

7. 22

PH-4

0.08

1.41

1. 86

2.49

3.97

4. 16

5. 75

9. 57

6. 78

8. 20

PH-S

0.16

1.35

1.86

2.22

4.31

4.69

5.37

16.61

6.58

8.31

PH-6

0.39

1. 11

1. 86

1. 92

4. 31

2.69

5. 37

6. 58

1.35

1.86

2.22

4.31

4.69

5.37

6.58

1.35

0.47

2.0

9. 50

5. 51

7.60

0. 81

1.36

2.0

10. 41

S. 51

7.60

PH-10

0. 10

1. 81

2. 15

1.22

4. 11

5. 13

5.09

6. 59

PH-li

0. 13

1.52

2 15

0.56

4. 11

3.04

5.09

6. 59

PH-7

1

PH-8

'I

pH9

H

0. 15

"

H

T = thickness in kin; V velocity in km/sec
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Angel de Ia Guarda Island, consists, according to the best fitting
model of Phillips, of a two layer crust underlain by mantle material
of about 7.6 km/sec velocity. The crustal layers are 1.2 km of
unconsolidated sediments, with an assumed velocity of 2. 0 km/ sec,

and a layer 10 km thick with a velocity of 5.51 km/sec. These values

suggest that the crustal structure in the area is more of an oceanic
type rather than a transitional or continental type. East of Angel de
la Guarda Island and north of Tiburon Island the crust consists of four
layers with the thickness increasing eastward to about 25 km thick at

the easternmost station. This clearly indicates the continental nature

of the crust in this area. In the southernmost part of the study area
of this thesis, in the Guaymas Basin region, station 12 (Table 1) shows

the possibility of three layers with velocities and thicknesses very

similar to the structure of normal oceanic crust.
Hilde (1964) conducted the first magnetic survey in the southern
Gulf of California in 1959. It is interesting to note that his results

show no magnetic anomalies that can be correlated with the geomag-

netic time scale. Hilde interpreted most of the measured magnetic
anomalies as produced by the magnetization of the second crustal
layer whose depth in the studied area varies with topography. His
magnetic profiles show broad positive anomalies associated with the
basins of the gulf. Since his study was conducted prior to the advent

of plate tectonic theories, he did not recognize that this pattern of
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positive magnetic anomalies over the basins could infer the existence

of spreading centers in those areas.
The gravity studies of Harrison and Mathur (1964) in the Gulf of

California covered almost the entire gulf. The spacing of the track-lines on which they based their Bouguer contoured maps is not consis-

tent, and in some cases gravity information is missing; however

their anomalies clearly reveal a northwest-southeast trending, fault
controlled pattern, oblique to the axis of the gulf. Their gravity highs
associate closely with the deepest portions of the basins mapped by
Rusnak et al. (1964). In the central Gulf of California between 27.00
and 30. 00 N. Lat. the anomaly amplitudes vary from +80 mga

in the

Guaymas Basin to -20 mgal in the Salsipuedes Basin, with a high of
+0 mgal

in the Delfin Basin area. They modeled the gravity highs

in the basins, assuming two-dimensionality, and associated these
highs with the intrusion of heavy sirnatic rocks. They considered the
intrusion of these rocks was an effect and not the cause of the opening
of the Gulf of California.

Wilson (1965) discussed the fault system in the Gulf of Califor-

nia within the framework of his concept of transform faults. Accord-

ing to his interpretation, the gulf opened through a single ridge-to-

ridge transform fault, the San Andreas, that connects the East Pacific
Rise at the mouth of the Gulf of California with the Gorda Ridge off

northern California. This study prompted a series of papers that
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provided the most reasonable model to date for the origin of the Gulf
of California.

Vine (1966) related the concepts of spreading of the ocean floor
of Hess (1962) and transform motion of Wilson (1965), and interpreted

oceanic anomalies as indicators of the rate of sea floor spreading.
He conceived of the opening of the gulf as being caused by spreading

on the East Pacific Rise, which passes into the Gulf of California in a
series of segments connected by transform faults forming the en
echelon pattern noted by Rusnak et al. (1964). In this model, the

spreading centers, the active portions of the East Pacific Rise, are
located in the basins of the gulf.
Sykes (1967, 1968) studied the distribution and focal mechanisms

of earthquakes in the Gulf of California as part of a comprehensive
study of earthquakes on mid-ocean ridges. His results show that in

the central and southern gulf major earthquake activity is associated
only with local bathymetric scarps marking the transform faults of the
gulf.

The fault-plane solutions indicate strike-slip motion along

these features. No major earthquakes were found to occur in the
basins of the gulf. Isacks et al. (1968) reported that no teleseismic

earthquake activity is associated with fast spreading centers. This
finding first suggested that the spreading centers of the gulf were of
the fast spreading type.

Larson et al. (1968) studied the magnetic anomalies at the mouth
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of the Gulf of California and concluded that the East Pacific Rise at
the latitude of the mouth of the Gulf of California spreads at a full

rate of 6.0 cm/yr, that the gulf is indeed a product of ocean-floor
spreading as proposed by Vine (1966) and that the southern part of the
Peninsula of Baja California was separated from mainland Mexico

4.5 million years ago along the Tamayo Fracture Zone (Figure 1).

The total separation since that time is 260 km.
Moore and Buffington (1968) in a study of seismic-reflection

and magnetic profiles of the Gulf of California, determined a full

spreading rate of 6 to 7.0 cm/yr for the segment of the East Pacific
Rise at the mouth of the Gulf of California. This figure is very close

to the one obtained by Larson et al. (1968). Different thicknesses of

pelagic sediments on the flanks of the East Pacific Rise, with the

greater thickness on the east flank, led those authors to propose the
existence of a proto-Guif of California between 4 and 10 my ago.
Thatcher and Brune (1971) gave an account of the seismicity of

the northern gulf since 1962 and analyzed the occurrence of an earthquake swarm in the northern Gulf of California in the area of Wagner
Basin.

Their study provided important information on the structure

and seismicity beneath two proposed spreading centers located in the
Delfin and Wagner Basins. Seismic activity in the spreading centers

of the northern gulf occurs mainly in swarm-like events. The particular earthquake swarm they analyzed showed predominant normal fault

mechanisms, and an upper crust hypocentral depth.
Larson et al, (1972) tried to document the magnetic lineations

expected in the vicinities of the proposed spreading centers associated with the deep basins of the south central and southern gulf. They

obtained a series of magnetic profiles perpendicular to the inferred
strike of the spreading ridge segments, but found no correlation
between the observed and modeled anomaly profiles. They concluded

that the Pacific-North America motion could not be quantified from
magnetic data within the gulf, and suggested that the rapid sedimentation occurring in the deep basins attenuated the formation of the
anomalies.

Moore (1973) analyzed a series of seismic reflection profiles
from the Gulf of California and produced a revised chart of the major

fracture zones within it (his Figure 2). This chart showed the exis-

tence of several major fracture zones in the gulf, with fracture
zones VI and VII extending into the 27.00 to 30.0° N. Lat. area con-

sidered in this thesis (Figure 3). Moore used the magnetic anomalies
at the mouth of the gulf, the deep sea basins in the central gulf, and
earthquake swarms in the northern gulf to determine the position of
spreading centers within the gulf. He proposed one spreading center

in the northern part of the Guaymas Basin and another in the Delfin
Basin, with a transform fault located between Angel de la Guarda
Island and peninsular Baja California. This study also elaborated

on the proto-Guif of California concept of Moore and Buffington (1968)

and showed the shoreline of the proto-guif in Late Miocene-Pliocene

time to extend into Sonora and farther north1nto the Salton Trough and
the Imperial Valley.
Henyey and Bischoff (1973) conducted a geophysical survey of

the northern Gulf of California to define the tectonic elements of this
part of the gulf. Their seismic reflection profiles reveal a structural

pattern similar to that caused by normal faulting and a high heat flow
pattern in the Wagner and Delfin Basins. These characteristics are
consistent with the fault plane solutions of Thatcher and Brune (1971)

and the existence of spreading centers in these basins. This study
showed Angel de la Guarda Island to be flanked by normal faults,

features already inferred from bathymetry alone by Rusnak et al.
(1964).

Klitgcrd et al. (1974) obtained a series of magnetic profiles of
the

central and northern Gulf of California , extending the study of

Larson et al, (197Z) for the southern gulf. They analyzed magnetic

profiles both perpendicular and parallel to the strike of proposed

spreading centers in order to detect anomalies related to sea-floor
spreading. They found no such correlation. Instead the anomaly

patterns suggest more the local tectonic style of these areas of the
gulf rather than spreading features. East of Angel de Ia Guarda arid
north of Tiburon Islands the anomalies are rather smooth with
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occasional peaks at the ends associated mostly with basement relief
and continental edge effects. South of Angel de la Guarda and Tiburon

Islands the anomalies parallel to the strike of the proposed spreading
centers are broad and of high amplitude, trend northwest-southeast
diagonal to the axis of the gulf and exhibit sharp peaks over transform faults, escarpments, and centers of recent volcanism.
Bischoff and Henyey's (1974) study of the central Gulf of Cali-

fornia added more detail to the bathymetric and structural work of
Rusnak et al. (1964) and Moore (1973) and essentially shows the same

structural pattern (Figure 3) as those authors. Their study suggests
that an additional short spreading center may exist in the Canal de
Ballenas or the channel between Angel de la Guarda and Baja California. They also propose variations in the positions of spreading cen-

ters with geologic time due to high sedimentation rates.
Lawyer (1975) summarized the heat flow measurements in the
Gulf of California and listed 140 observations made since 1959.
His summary includes the work of Von Herzen (1963), Lawyer et al.

(1973), and Lawyer et al. (1975). In general the heat flow values for
the Gulf of California vary between 1.3 x io6 cal/cm2-sec to 30.3
x

1o6 cal/cm2-sec with the average dropping to about one half of

this value within 10 km from the spreading centers. In the central
Gulf of California two areas of very high heat flow exist, the Canal
de Ballenas (17 x io_6 cal/cm2-sec) and the southwest Guaymas

Basin (30.3 x 10

-6

cal/cmz-sec). In both cases the seismic reflec-

tion profiles show intrusive-like features associated with the areas of
high heat-flow (Bischoff and Henyey, 1974; Lawyer et al., 1975).
The improvement of the seismic network around the Gulf of

California in recent years (Brune et al., 1975) plus the use of sonobuoys in seismic surveys of the gulf, resulted in the detection and

better location of more seismic events in this tectonically active area
of the world. Reichie et al. (1976) studied, using sonobuoys, two

aftershock sequences associated with the transform faults that connect
the Farallori, Carmen,and Guaymas Basins. Their studies show one
of the main events trending Z0° more northerly than the expected trend

along the local fault scarp. The fault plane solutions of earthquakes
that occurred sometime before these sequences (Sykes, 1970; Molnar,
1973) generally showed trends consistent with the bathymetric trends.
This different trend may be indicative of minor plate boundary adjust-.

ments (Sharman et al., 1976). Brurie et al. (1975) found further that

the hypocentral depths for the studied earthquakes are less than 7 km.
From the published seismicity of the area Reichle et al. (1976) calcu-

lated a seismic slip rate of from 3.7 to 6. 1 cm/yr, which is in agreement with the full spreading rates proposed for the Gulf of California

(Larson et al., 1968; Moore and Buffington, 1968).
Reichle and Reid (1977) reported the occurrences of earthquakes
swarms in the Farallon, Guaymas, and Delfin Basins. Their findings
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indicate normal faulting for the Farallon and Guaymas events and
shallow hypocenters for all of the events. The Guaymas event suggested an episode of magmatic intrusion. The Delfin Basin event did

not occur at the center of the trough and had a strike-slip component.
Reichle and Reid suggested that the thick sedimentary layers of the

northern gulf alter the processes of the fast spreading centers in the
area. Nevertheless all of the earthquake swarms are closely associated with the proposed spreading centers.
The zone of transform motion between the Guaymas arid Delfin

Basins in the vicinity of Angel de la Guarda Island passes between the
island and the peninsula accordiTig to Vine (1966) and/or to the east
of the island according to Moore and Buffington (1968). The problem

in defining the trace of the transform fault was the lack of seismic ity

in this area, Vacquier arid Whitemari (1973) reported less than
4 mm/year of relative displacement between Baja California and
Angel de la Guarda Island. The Canal de Ballenas earthquake of
July 8, 1975 (Munguia et al. , 1977) clearly defined the zone of

transform motion as lying between the peninsula and the island. The

fault plane solution indicated a vertical strike-slip fault with a
hypocentral depth between 10 to 15 km consistent with the expected

transform motion in the area.
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Geology of Central Sonora

The Central Sonora region of mainland Mexico represents the

easternmost part of this study area. Figure 7 shows a generalized
geologic map of the region compiled from the recent work of Lopez-.
Ramos (1976). Two types of geology dominate the region: Basin and

Range, and Sierra Madre volcanic.

The first type of geology is

dominant from the gulf coastline to the Sierra Madre Lineamert at
about 111.

00

W. Long. Here a series of deeply eroded north north-

west-south southeast trending blocks of rocks, ranging from Precambrian and Paleozoic metamorphic to Tertiary sediments, protrude
from the blanket of Quarternary sediments forming the plains of the
Sonora Desert. The origin of these blocks is thought to be normal

faulting (King, 1939), but no traces of the faults, with the exception
of one shown in Figure 7, can be identified now due to advanced

erosion and dissection of the scarps. This type of geology continues
northward into the Basin-and-Range Province of the United States.

The Sierra Madre volcanic type of geology occurs east of the
111.00 W. Long.

Here the geology consists of a series of eruptive

rocks of Tertiary age overlying intrusive rocks of Mesozoic age.

The older rocks are represented by diorites and diabases and the
younger ones by sheets of rhyolite intercalated with breccias, tuffs,
and basaltic flows. This type of geology has no direct physiographic
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continuation to the north into the United States.

In summary, previous work in the study area of this thesis

reveals some major dissimilarities between the separate provinces.
The western Continental Margin of Baja California, between 27. 00
and 30.

00

N. Lat, exhibits the only well defined topographic trench

along the entire margin of peninsular Baja. The previous work mdicates that between 27.00 and 29.00 N. Lat. the topography of the
western continental margin of Baja resembles the topography of an

active plate margin.

There is a trench, a continental slope,

and a continental shelf as in other active continental margins of the
world. Nevertheless the lack of seismic activity in the area and the

absence of spreading centers to the west of the trench indicate this
margin is now a passive margin. The central Gulf of California

is undoubtedly the site of major tectonic activity at the present time.

Without ever reaching real oceanic depths, the seismicity, gravity
and high heat flow values associated with the basins, and the high

seismicity of the fault scarps in this area indicate that this part of
the gulf is an area of active ocean-floor spreading, and part of the
boundary between the Pacific and North America lithospheric plates

which are moving with respect to one another at a rate of about 6

cm/yr. An important feature of the sea-floor spreading process
taking place within the Gulf of California is the lack of the magnetic

lineations that characterize other active spreading areas of the world.
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This, according to some of the referenced authors, is due to the fast
sedimentation rates occurring in these areas of the gulf which inhibit
the acquisition of or subdue the remanent magnetization responsible
for such magnetic lineations.

Nevertheless, the stress system associated with spreading
activity in the Gulf of California is responsible for the tectonic development of the 27.00 to 30. 00 N. Lat. part of the western Mexican
continental margins.
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DATA FOR THIS STUDY

The geophysical data analyzed in this study consist of a large
number of measurements made before 1975 and much additional data

collected during the United States-Mexico joint projects BAJA 75
and BAJA 76.

Existing Data

For the part of the western continental margin of Baja California
between 27. 0 and 30.0° N. Lat, the previously existing gravity

and magnetic data are scarce and consist mostly of deep sea survey

lines parallel to the continental margins in this area. Most of the
pre-l975 data are from tracklirtes of the former Oregon State Univer-

sity research vessel Yaquina while in transit to or from South America.
Another source of gravity data for this part of the western continental
margin of Mexico was the Defense Mapping Agency Aerospace Center
of the United States (DMAAC) who compiled data from U. S. and Mexi-

can sources. For the cetitral Gulf of California the bulk of gravity
data is from the DMAAC data files and from the Scripps Institute of
Oceanography Hypogene expeditions to the gulf. Table 2 presents a

list of cruises and institutions that provided the pre -Baja 75 part of
the data used in this study.
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Table 2. Pre-1975 data sources for this study.
Ship

Expedition

Institution

Yaquina

Yaloc-69

OSU

Yaquina

Yaloc-71

OSU

Yaquina

Yaloc-73

OSU

Wecoma

Wec-75

OSU

Agassiz

Hypogene

Scripps

Gravity

x

Magnetics

Bathymetry

x

DMAAC

Projects BAJA 75-76

The field operations of the cooperative projects BAJA 75 and
BAJA 76 between the General Directorate of Oceanography of Mexico

and the Geophysics Group at Oregon State University were planned to

obtain geophysical data, mostly gravimetric, bathymetric, and magnetic on the western continental margin of Baja California from the
deep-sea area west of the continental slope to the ten fathom contour
line on the continental shelf.

The Mexican Navy research vessel D-20, shown in Figure 8,
accomplished the cruises BAJA 75 and BAJA 76 off the western

margin of Baja California and part of the Gulf of California during
the summers of 1975 and 1976. The author of this thesis participated

in both cruises as co-investigator and chief scientist respectively.

-:

:L-

I

U-i

Figure 8. Mexican navy research vessel D-2O.
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In total the BAJA 75 and BAJA 76 cruises collected 12, 000 nautical

miles (22, 224 km) of gravity, bathymetric and magnetic data and 400

nm (741 km) of seismic reflection data. Figure 9 shows a trackline
map of the cruises BAJA 75 and BAJA 76 off Baja California accom-

pushed by the Mexican Navy research vessel D-20 and the existing
OSU tracklines of the RIV Yaquina and R/V Wecoma.
Data Acquisition and Reduction

Marine Gravity Measurements

Lacoste and Romberg Surface Ship Gravity Meter S-42

mounted on a stable platform measured variations in the earths
gravity during the cruises BAJA 75 and BAJA 76. The gravity meas-.

uring system included both a digital data acquisition system and an
analog recording system. During the BAJA 75 cruise the gravity

data was digitized manually from the analog records at five-minute

intervals except where high gravity gradients required shorter
sampling intervals. During the cruise BAJA 76 the digital data

acquisition system recorded the gravity data every 30 seconds,
which was later reduced to a standard 5 minute sampling period. This

process resulted, with a ship's speed of 10 kt (18. 2 km/sec) of a
measurement every 1. 5 km along the ship's track.
The measuring of gravity at sea from a moving platform
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Figure 9. Trackline map of the cruises BAJA 75 and 76, including
existing Oregon State University data off the western
continental margin of Mexico, north of 17. 00 N. Lat.
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requires certain considerations and corrections not associated with
land gravity measurements, because gravity is an acceleration, the

accelerations of the measuring-device support introduced by the ships
movement make it difficult in principle to separate local gravity

values from ship accelerations. Three effects and corresponding
corrections arise from accelerations of the moving platform. These
are: the horizontal, the vertical and the cross coupling acceleration

effects and corrections.
Horizontal accelerations, introduced by the action of ocean

waves, by ship fishtailing, or by short term changes in ships speed
and direction, cause variations in the measured value of g (Harrison,
1960; Dehlinger et al.,

1966).

The stabilized platform meter used in

this study is theoretically free from the horizontal acceleration effects
introduced by ocean waves. In practice, due to the effects of off-

leveling of the platform, Lacoste

(1967)

shows

the introduction of an

error in the measured gravity given by:
'I

=

- [Xe +g82/2]

where X is the horizontal acceleration introduced by the off-leveling
process,

9

is the off-level angle and g is gravity. Modern plat-

forms yield accuracies of 1 mgal at horizontal accelerations of up to
100, 000 mgal. The horizontal accelerations produced by fishtailing,

with periods ranging typically from 30 sec to minutes, is small
(Lacoste,

1967).

The errors introduced by changes in ship's speed

and direction, can be small or large according to the period of the
introduced horizontal acceleration. Nevertheless these effects are
kept small by traveling with constant heading and speed during the

operation of the gravity meter.
Vertical accelerations produced by the ship's undulations about

sea level cause the biggest problem in the measurement of gravity at
sea. Due to the fact that no instrument can discriminate between

gravitational and inertial accelerations, the gravity measurements
from a moving platform give:
Measurement

g+Z

where g is the desired gravity value and Z is an instantaneous
vertical acceleration introduced by the ship's vertical movements.
This acceleration sometimes may reach values 100, 000 times greater
than the desired measurement accuracy (Lacoste, 1967). To reduce

this undesired effect, the vertical accelerations are eliminated by
averaging the measurements over a time T which is longer than the
ship period. With this approach the data give:

T0

(g +Z)dt+[Z]0

IT

Assuming that there is no net change in vertical velocity during the

observation time T, i. e., when

[]
T

=0
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then g is the averaged value g during the observation time T.

In

practice the non-linearity of the meter and recording system and the

filtering of the vertical accelerations when g is not constant over T,
may introduce small errors in the measured value of g (Dehlinger
and Chiburis, 197Z).

Cross-coupling effects result from the interaction between the
horizontal accelerations not filtered out by the stabilized platform
and the vertical accelerations of the beam with meters of the S-4Z
type used in the BAJA 75 and BAJA 76 cruises. When the beam,

which is hinged about a horizontal axis, rotates an angle B out of the
horizontal, the horizontal torque produced on the beam has a magnitude given by:

Torque = m g D sin BX

where D is the beam length. The cross-coupling error caused by
this torque is (Lacoste, 1967):

Error

XB

or the horizontal acceleration times the angle of inclination of the
beam. In practice a computer receives data about B and calculates

the corresponding cross-coupling correction, which is then sub-

tracted in real time from the gravity meter output signal.
Independently of the acceleration effects in the measurement of

gravity from a moving platform as discussed above, the value of

g

for an observer moving relative to the earth is not the same as that

for an observer rotating with the earth. The Etvs effect
arises from changes in centripetal acceleration experienced by an
observer moving with respect to the earth. For a ship, the total out

ward vertical centripetal acceleration at speed V is:
A

2

a

=

(V2 + ZVOVE + V )/r
0

where V9 is the linear velocity due to the earth's rotation at latitude
0,

VE is the easterly component of V, and r the earth's radius.

The Etvds correction which adds algebraically to the gravity measured aboard the ship is:
E

= (7.

cos0 + 0.004 V2)mgal.

where velocities are in knots (1 kt -l. 853 km/sec). The correction
is positive for easterly and negative for westerly components of ship
speed. In this study the Etvos correction was applied after the

cruise during the merging of navigation and gravity data files.

Because the S-42 meter measures relative gravity values only,
measurements were tied to established land gravity stations. During
the BAJA 75 and BAJA 76 cruises the tieing process consisted in the

measurement of gravity at land stations which had established abso-

lute values of gravity, and then referencing the value measured by
the S-42 meter with the ship docked to those land measurements.
LaCoste and Romberg portable land meter G-126 measured gravity at
a land base station and then adjacent to the ship. Table 3 lists the
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base stations used during BAJA 75 and BAJA 76 and their absolute
gravity values as given by the DMAAC Reference Publication No. Z5

The value for the San Diego station is from Worzel (1965).

(1974).

The land station also provided a monitor of the drift of the S-42

gravity meter. For BAJA 75 the total drift was -4.7 mgal in 47 days,
for BAJA 76 the drift was -10.7 mgal in 30 days.
Table 3. Gravity base stations used during BAJA 75 and BAJA 76.
Location

Gravity (mgal)

Source

San Diego

979517. 7

Worzel (1965)

Ensenada

979446.64

International Gravity

Degnation
f
120 16C

Bureau

Guaymas

979164. 77

LaPaz

978907. 94

Mazatlan

978838. 84

Universidad Nacional
Antonoma de Mexico

23

28
"

34

The subtraction of the theoretical values of gravity from the
corrected observed values provided the corresponding free-air
gravity anomalies for the survey area. The International Gravity
Formula of 1967 (International Association of Geodesy, 1971) yields

the theoretical value of gravity as a function of latitude

0

on

the surface of a uniform rotating oblate spheroid, which is the closest
approximation to the true shape of the Earth, the geoid. The International Gravity Formula is given by:
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g

978 03185 (1+0.005Z78895 sinQ+ 0.0000Z3462 sin4G) gals

Marine Magnetic Measurements

The Oregon State University Marine/Airborne Proton Preces
sion Magnetometer Geometrics G 803 measured the total magnetic
field during the cruises BAJA 75 and BAJA 76. The sensing element

installed in a waterproof container and towed 180 meters behind the

ship to avoid interference , measured the total magnetic field every
30 seconds. The measured values were recorded aboard the ship on

magnetic tape and on chart paper. The principle of operation of this
type of magnetometer is based on measuring the frequency of an
induced voltage caused by the precessing of hydrogen nuclei after a
polarizing field is removed. The earths total field is proportional
to the frequency of the induced voltage.

The measured total magnetic field can be considered approxi-

mately as the scalar sum of the magnetic field intensity associated
with buried sources and the magnetic reference field intensity of the
earth (Blakely, personal communication, 1975). This consideration

is necessary because the involved fields are vector quantities. Subtraction cf the International Geomagnetic Reference Field (IGRF) of
1975 (International Association of Geomagnetism and Aeronomy 1976)

from the measured total magnetic field yields a total magnetic field
anomaly.

6

Most of the magnetic data for the western margin of Baja
California is from the cruise BAJA 75

During this cruise no mag-

netic storms occurred (Lincoln, 1975). Therefore no corrections to
the magnetic data were necessary.
Bathymetric Measurements
A Mexican Navy EDO echo sounding system, operating at twelve

kilohertz, recorded bathymetric data for this study. The depth
measurements were recorded continuously on an EPC graphic
recorder during the BAJA 75 cruise and on an EDO 333C graphic

recorder during the BAJA 76 cruise. The data were later hand digitized at five-minute intervals except where the bottom topographic

features required higher sampling rates. The EDO system provided
readings in uncorrected fathoms according to a standard calibration
of the echo sounder. These readings, corrected for the change of

sound velocity with depth (Matthews, 1939), produced the corrected

depths in meters used in this study.
Seismic Reflection
A BOLT 40 cu inch airguri system provided by the Mexican Navy

was used during BAJA 76 to acquire the three seismic reflection pro-

files included in this study. A single channel hydrophone streamer
towed behind the ship detected the outgoirg and reflected signals

which were recorded on an EPC single-channel graphic recorder

system with a four second sweep rate and bandpass filter settings
generally of 30 to 160 Hz.

Wide-Angle Reflection and Refraction Measurements

The Mexican Navy airgun system was also used during the

BAJA 7\6 cruise to obtain a reversed wide-angle reflection and refraction line. In this operation the ship steamed away from sonobuoys at

a constant speed, with the airgun firing at intervals of 8 seconds. The
sonobuoys detected the reflected and refracted waves associated with

seismic horizons in the area and transmitted the information back to

a radio receiver aboard the D-20. An EPC graphic recorder system
recorded the corresponding seismic signals.
Navigation

High quality navigation is an important requirement in any

marine geophysical survey, particularly on gravity surveys. Uncertainties in position and heading introduce errors in the normal values

of gravity and in the Edtvs corrections applied. These errors can
be maintained within 3 to 4 milligals with the use of radar, Omega or

satellite electronic navigation systems (.±.l to 3 nautical miles accuracy) if the course and speed are held approximately constant for

intervals of several hours.
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A Raytheon 101 radar and a Tracor 7007B Omega navigator

provided the necessary navigation information during the cruises
BAJA 75 and BAJA 76. Radar fixes obtained during periods of coastal

navigations were accurate to ± 1 nm. Omega fixes obtained every 30

minutes during the entire duration of the cruises had an estimated
accuracy of ± 2 nm.

A Sperry MK 37 gyrocompass provided the corresponding ship's

course readings, and the ship'smain engines tachometers measured
the shaft revolutions which provided a measure of the velocity of the
ship.

The course readings were accurate to ± 0.50. The ship's head-

ing and shafts RPM's were recorded on both magnetic tape and on

graph paper charts.
The analysis of the navigation data during its merging with

gravity and bathymetry farther increased the positioning accuracy.
The adjustment of course change fixes within the range of the naviga-

tion systems used, in order to minimize the crossing errors in
gravity and bathymetry, provided one means to improve the navigation.

Corrparison of the Etvs correction changes, as calculated from the
navigation data, with the Eatvs correction changes detected by the
gravity meter permitted adjustment of the ship's heading and speed.

By this process the navigational data were corrected until minimum

Etvs discontinuities were generated at positions of course and
speed changes, and until minimum crossing errors occurred in the
bathymetric and gravity data.
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DATA INTERPRETATION

Western Continental Margin of Baja California

Free-Air Gravity Anomalies
The trackline map in Figure 10 shows the location of gravity

measurements used to construct a free-air gravity anomaly map of
the western margin of Baja California from 27. 0° to 30, 0°N. Lat.

The three isolated dots in Figure 10 represent submarine pendulum

stations reported for the area (Worzel, 1965), The uncertainty in the

gravity measurements, obtained from the root-mean-square of the

differences in the gravity values at the crossings of tracklines, is
4. 6 mga!

Figure ii. shows a free-air gravity anomaly map of the area
contoured at a 10 mgal interval, The longest and most noticeable
anomaly shown on this map is the negative gravity low at the base of

the continental slope, from 27. 0 N. Lat. to about 29. 4° N. Lat. This

anomaly ranges in value from -70 to -130 mgal and has a maximum
gradient of +60 to -120 mgal in a distance of 28 km on a northeast-

southwest direction at about 115. 7° W. Long. and 27.8° N. Lat. Re cent free-air gravity maps prepared for the rest of the western margin
of the Peninsula of Baja California (Coperude, 1978; Huehn, 1977;
Plawman, 1978) show this anomaly to extend farther south to approximately
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Figure 10. Location of gravity field measurements for the Peninsula of Baja California and its
western continental margin between 27.00 and 31.00 N. Lat.
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23.

OO

N. Lat. North of 27.

J0

N. Lat.

this anomaly is closely

associated with the topographic depression of the Cedros Deep (CD

in Figure 4). The trend of this gravity low is in a N 350 W direction
which corresponds to the trend of the Cedros Deep (Uchupi and
Emery, 1963). This trend is also subparallel to the general trend

of the peninsula.
Seaward of the Cedros Deep, between 27.

00

and 28. 0° N. Lat.,

the gravity map shows two negative anomalies with values of -50
mgal,

These gravity lows correspond to two basin-like depressions

represented by the 2200(4021 m) fathom closed contours at the same

locations in Figure 4. Between these two gravity lows, the eastward
extension of a -10 mgal contour marks the easternmost expression

of the Molokai Fracture Zone into the study area. Gravity data alone

indicate no disruption of the structures associated with the Cedros
Trench by the Molokai Fracture Zone.

The deep-sea gravity data between 28.00 and 30,0° N. Lat.,
show two positive gravity highs. The broad -10 mgal free-air

gravity high at about 28.7° N. Lat., occurs on the Guadalupe Arrugado, an area of anomalous shallow depth (GA in Figure 4). The +60
mgal

anomaly high north cf 29. 0° N. Lat. is the gravity expression

of the Ferrel Seamount.
Immediately east of the Cedros Trench a positive gravity
anomaly with values up to +70 mgal extends from Punta San Pablo
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to the area north of the Benito and Cedros Islands. This anomaly

occurs at the outer edge of the continental shelf and is associated
with outcrops of Mesozoic rocks in the Western Cape region including

Ranger Bank, Cedros, Beriito and Natividad Islands, and the Peninsula of Vizcaino.

Two positive anomalies, with ranges of +20 to +70 mgal,

trend northwest from 28.7° N. Lat. and 116.00 W. Long. to 29.5°
N. Lat. and 116.8° W. Long. These anomalies mark the northwestward extension of the gravity high associated with the Western Cape
region and occur along the topographic high associated with the upper

continental slope in this part of the Baja California Borderland
(Krause, 1964, 1965).

The largest positive anomaly in this map occurs west- northwest of Guerrero Negro and has a maximum value of +100 mgal.

The topography of this area is flat and shallow bottomed. The large

gravity anomaly therefore indicates the presence of an anomalously

dense mass beneath the surface in this area.
Eastward of the gravity high and north of 28.00 N. Lat. a
series of elongated negative anomalies trend also in a northwest
direction. A negative anomaly with values of less than -70 mgal

located at 28.4° N. Lat. and 114. 5° W. Long. outlines the seaward
extension into Vizcaino Bay of the Baja CaliforriiaM.Synclin&(Beal,

1948; Mina, 1957) from the Vizcaino Desert to the southeast.
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A gravity low of -80 mgal at 29.00 N. Lat. and 115.8° W.

Long. is associated with the topographic depression of the southern
San Quintiri Basin (SSQB in Figure 4), which marks the southern-

most limit of the Continental Borderland region.
A small gravity high of +30 mgal,

associated with a topographic

rise, separates the gravity low of southern San Quintin Basin from a
gravity low of -70 mgal at 30.0° N. Lat. and 116.5° W. Long.

This

negative anomaly follows very closely the topographic configuration
of the northern San Quintin Basin (NSQB in Figure 4).

To the east of the series of gravity lows the free-air gravity
values become positive, and the contour lines are parallel to the
coast line. The northwest trend of these contour lines between 28.3°

and 29. 30 N. Lat. is the same as the seaward extension of the
Santillan and Barrera Lineament (Figure 3), which they appear to
follow.

Figure 12 shows the free-air gravity profiles plotted along
ships trackliries in the Vizcairio Bay area. These profiles offer

another perspective on the free-air gravity anomalies of this area and
complement the contoured map of Figure 11. Between 27. 0° and 28. 50

N. Lat. the profiles exhibit characteristics including, from west to
east, a low, negative value associated with the Cedros Trench; a
high, positive value correlative with the outer shelf edge and topographic highs of the Peninsula of Vizcaino, Natividad, Cedros and
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Figure 12. Free-air gravity profiles plotted along tracklines for the western continental margin
of Baja California between 27.00 and 30.00 N. Lat.
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Benito Islands; a high positive value for the profiles crossing the

southernmost part of Vizcaino Bay suggesting the intrusion of denser

subsurface material; a negative value associated with the sediment
sequence of the Baja

Californiatyncline'; and a tendency toward posi-

tive values at the easterumost part of the profiles, possibly correlating with the Santillan and Barr era Lineament.

From 28.00 to 29.

30

N. Lat. the free-air gravity profiles show

the effect of the transition from the smoother topography of the
Western Cape region to the rugged topography of the Continental

Borderland. From east to west the profiles in these latitudes correlate with the southern profiles in the negative values associated with

the Cedros Trench, and in the positive values of the outer shelf edge
and the northward submarine extension of the material that forms the
Western Cape islands. The easternmost parts of the profiles in these

latitudes are mainly broad negative values, with shorter wavelength
anomalies superimposed upon them representing respectve1y the
San Qu.intin Basin and ridges within it.

The two northernmost profiles show, from east to west, an

outer positive free-air gravity value over the Ferrel Seamount, a
low negative value associated with the southernmost extension from
the northern borderland of Soledad Basin and a broad high positive
value with short wavelength highs and lows superimposed on it.

Even

though this gravity high is aligned in a northwest direction, parallel
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with the southern gravity highs associated with the continental slope,

the smaller gravity gradient of these two northernmost profiles suggest that there is no association of this high with the continental
slope. Instead the outer highs suggest a left-lateral offset of the

continental slope at approximately 29.

40

N. Lat. This is consistent

with the location and sense of motion of the Popcorn Fault (Krause,
1964, 1965; Doyle and Gorsline, 1977).

Another offset of the shelf-slope break, indicated by the misalignment of the corresponding gravity high, occurs at approximately
28, 2° N. Lat. In this instance the offset is right-lateral, consistent

with the sense of displacement of the San Benito shear zone (Cohen

et al,, 1963).
In summary the free-air gravity data for the western margin
of Baja California between 27. 00 and 29.50 N. Lat. shows striking

similarities to that of most of the known active convergent continental

margins (e.g. Dehliriger et al., 1967, 1968a; Woodcock, 1975; Victor,
1975; Whitsett, 1976).

The gravity low associated with the trench in

this region however, is displaced slightly seaward from the base of
the slope, unlike active convergent margins.

This most probably

results from the fact that the western continental margin of Baja no
longer is an actual subduction zone. The anomalies observed over

the continental slope and the shelf-slope break extend over the topographic highs and material of the Western Cape islands. The
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anomalies observed over the continental shelf correlate with the
trough, structural highs, and sedimentary basins within it. The sea-

ward extension of the positive gravity anomalies associated with the
islands of the Western Cape region suggest that most of the continental

margin of Western Baja, from 27.00 to 30.0° N. Lat., is composed
of compacted, metamorphosed sediments and other Franciscan
material of both continental and oceanic origin. Therefore, the free-

air gravity anomalies in this part of the continental margin of Baja

California, a gravity low over the trench, a gravity high at the outer
shelf edge, and gravity lows over the shelf are consistent either with

a passive or an active convergent nature for the area. The seaward
displacement of the gravity low over the trench favors the passive
nature. North of 29. 0° N. Lat. the free-air gravity data shows an

offset of the continental slope by the Popcorn Fault and toward the
north it is dominated by the rugged topography of the Continental

Borderland, Gabbroic rocks reported for Cedros Island (Kilmer,
1966, 1969) strongly suggest the unusual gravity high in southern
Vizcaino Bay is associated with a gabbroic intrusive body.

Bathymetric Profiles
Figure 13 presents a perspective view of the submarine topog-.
raphy of the western continental margin of Baja California between

27.0° and 29.5° N. Lat. This figure clearly distinguishes the two
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Figure 13. Bathymetric profiles projected along tracklines for the western continental margin of
Baja California between 27.0° and 30.00 N. Lat.

types of topography that dominate the area. The bathymetric profiles

show a trench, a slope,and a shelf area whose topography is typical

of active convergent margins. From 28. 30 to 29.5° N. Lat. east
of the topographic high that marks the landward part of the continental

slope, a trough dominates a region that should normally be continental
shelf. This trough, extending north of this study area (Krause, 1965),

is the southward extension of the San Quintin Basins of the Continental
Borderland. The bathymetric profiles show the trough decreasing in

depth toward the south.

The westernmost part of the profiles, between 27. 0° and 29.

00

N. Lat., show part of the flat-floored Cedros Trench that terminates
at approximately 29. 5° N. Lat. against the Popcorn Ridge. In gen-

eral the trench is an arcuate feature that reaches its maximum
depths at about 27. 5° N. Lat. and decreases in depth from there in
both northwestward and southwestward directions.

Between 27.00 and 28.00 N. Lat. the continental slope consists
of several segments separated by well marked changes in gradient
and by benches, troughs or ridges parallel to the N 35° W trend of this
part of the slope.

Between 28.30 and 29.5° N. Lat. the trend of the slope changes
to N 25° W, which is consistent with the change in the trend of the
gravity high mentioned in the preceding section. The slope curves
around Cedros and Benito Islands. This part of the slope, north of

1i1

28. 3° N. Lat., consists also of segments, separated by changes in
gradient and by benches and ridges. Between these latitudes a ridge
8 to 20 km wide and 400 to 1600 m deep (arrows pointing upward in

Figure 13) separates the continental slope from the San Quintn
Trough.

This ridge is associated with the trace of the San Benito

Fault (Krause, 1965) shown in Figure 3.
The topographic depression just north of the Benito Islands
(arrow pointing downward) may be the result of Recent submarine
slumps (Normark, 1974).
The arrow pointing to the west at about 29.

00

N. Lat. identi-

lies an almost flat topped topographic high. The bathymetric map of

Figure 4 shows this feature to be an elongated structural high cor-

responding to the free-air gravity high described above for this area
(Figure 11). The northwest trend of these gravity and bathymetric

highs, which extend from the islands of the Western Cape region,

suggests that the feature is made of the same Franciscan-like material
found on those islands.

North of 29. 0° N. Lat. the bathymetric profiles show that true
ocean depths occur west of the topographic high associated with the

Ferrel Seamount (arrow pointing to the east), confirming the suggested horizontal offset of the slope at this latitude.

Total Magnetic Field Anomalies

Figure 14 shows the trackline along which the magnetic data
used in the construction of the total magnetic field anomaly map
(Figure 15) were acquired. The root-mean-square of the crossing

errors between tracklines is 30 gammas. The map is contoured at

intervals of 100 gammas.
Recently constructed total magnetic field anomaly maps com-

piled for areas adjacent to this study area (Plawman, 1978; Coperude,
1978; Huehn, 1977) indicate that the average value of the residual field

is abnormally negative to the north and positive to the south. This

apparent regional gradient is an artifact of the International Geomagnetic Reference Field used to generate the anomaly values in the
region.

The IGRF, an 8th order polynomial, describes a surface

having minimum wavelengths of the order of 5000 km, while the

western margin of Baja California is approximately 1300 km long.

Nevertheless, within the Limited area of this study the average value

of the anomaly field is near zero and a north-south gradient is not
discernible. Therefore, application of the IGRF is justifiable and
adequate for the purposes of this study.

Seaward of the Cedros Trench the magnetic anomalies are not
well defined due to the low spatial density of the data as indicated by
Figure 14. The elongated nature of some of the observed anomalies
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is typical of those expected for oceanic crust. An analysis of the
remanent oceanic anomalies in this part of the study area is left for
the next section which discusses the magnetic anomaly profiles along

tracklines (Figure 16).
The correlation of the magnetic contours seaward of the Cedros

Trench with the bathymetry of Figure 4 shows a positive, circular
shaped magnetic anomaly of +300 gammas at 27.2° N. Lat. and 115. 70
W. Long. associated with a topographic high rising 1000 fathoms
(1952 m) from the normal oceanic depths of the area.

The magnetic

expression of this feature is probably indicative of its volcanic nature,
common to seamounts of the area (Engel and Engel, 1964).

Landward of the Cedros Trench three prominent positive magnetic anomalies dominate the region. The westernmost positive mag-

netic anomaly trends fromthe Vizcaino Peninsula, through the Natividad
and Cedros Islands, and the San Quintin Trough north to approximately

29.7° N. Lat. and 116.5° W. Long. This anomaly reaches values
up to +400 gammas north of the Benito Islands and northwest of Cedros
Island.

The maximum gradient occurs or' the landward side near

29.2° N. Lat. and 115.8° W. Long. where it changes from -100 to
+300 gammas in a distance of 5 km. The western flank of this
anomaly closely follows the San Benito Ridge (arrows pointing upward

in Figure 13). Northwest of Cedros Island, in the area of the Ranger

Bank at about 28. 5 ° N. Lat., a positive anomaly of +400 gammas is

right laterally offset from an anomaly of +300 gamn-as. This offset

occurs in the same region where the continental slope curves around

Cedros Island and changes its trend, as discussed in preceding sections, arid also corresponds with the northwestward extension of the

free-air gravity high associated with the Cedros and Benito Islands.
A single channel seismic reflection profile (Figure 18) shows this

ridge as acoustic basement. Therefore this magnetic anomaly high
is associated with the induced magnetization of rocks of the same

nature as those of Cedros and Benito. Islands, but offset at this
latitude by the San Benito Fault. The offset right-lateral positive

values of this magnetic high continue to the northwest along the San
QuintinTrough to Z9.7° N. Lat. Materials dredged from this trough

mostly consist of Tertiary sediments (Doyle and Gorsline, 1977).

Therefore the positive magnetic values suggest that a magnetic base-

ment, of the same type as the Franciscan material of the Western
Cape islands, exists under most of this trough. Doyle and Gorsline
(1977) sampled Franciscan rocks east of the San Qaintin Trough.
A positive anomaly, with values up to +1000 gammas, occurs

east of Cedros Island just northwest of the area where a high freeair gravity anomaly occurs (Figure 11). The shape of this positive
magnetic anomaly is similar to the previously mentioned positive
gravity anomaly. Both have their highest gradient on the eastern

flank and both suggest more a three dimensional feature than a two-

dimensional one. The above facts suggest thismagnetic high is at

least in part the magnetic expression of the high density gabbroic
intrusive body inferred for southern Vizcaino Bay by the positive

free-air gravity anomaly. The combination of the induced magneti..
zation and shape of this body with the magnetic expression of Cedros

Island may cause the displacement of the magnetic high with respect
to the gravity high. Modeling of both anomalies, gravity and mag-

netic, using the indirect methods of Taiwani et al. (1959) for gravity
and Talwani and Heirtzler (1964) for magnetics, yielded a compatible
gravity source depth and magnetic source depth (Figure 25) of 1.5 km.
To the east, between 28. 0° and 29. 00 N. Lat. a third positive

magnetic high trends subparallely to the coast line. This anomaly
reaches values of up to +1000 gammas and has a maximum gradient

in an east-west direction of +600 gammas over 5 km at 28.70 N. Lat.
and 114.80 W. Long. Figure 3 shows that this anomaly occurs at the

western edge of the batholithic Peninsular Ranges Province, marked
by the seaward extension of the Santillan and Barrera Lineamerit
The work of Gastil et al. (1975) shows the batholith in the western

part of the peninsula and at these latitudes to be mainly of gabbroic
composition. Gabbros exhibit high magnetization values and could

produce magnetic anomalies of such large magnitude. The values of

this magnetic high decrease northwestward suggesting a decrease in
gabbro content of the batholith, a gradation of the batholithic

composition and/or greater depths to batholithic material.

The

anomaly seems to terminate to the north in an area where the San-

tillan and Barrera Lineament reappears inland (Figure 3). To the
south the magnetic contours also follow the lineament as it reappears

inland north of Guerrero Negro.
Between 29. 0° and 30. 0° N. Lat. two significant magnetic

anomalies occur. West of the coast line at 29. 40 N. Lat. there is a
magnetic low with values less than -300 gammas. This anomaly

occurs in a shallow area which has been subject to high rates of

deposition since Tertiary times (Figure 5). Therefore this anomaly
may represent an edge effect of the interface between shelf sediments
to the west and batholithic rocks to the east. In the same area, the

free-air gravity values are low, ranging from -20 to -30 mgal, also
indicative of a thick sedimentary basin. Northwest of this magnetic
low a magnetic high with a maximum value of +100 gammas occurs

at approximately 29.8° N. Lat. and 116.3° W. Long. where Krause
(1964, 1965) reported basalts in dredge samples.
Figure 16 shows the totaL magnetic field anomaly profiles

plotted along selected tracklines of the cruises BAJA 75 and BAJA
76. This kind of presentation allows a better comparison of the

observed anomalies with theoretical sea-floor spreading anomalies.
This figure shows three magnetic profiles extending to the deep sea.
Anomaly 5B is identified at the westernmost end of all three profiles
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and is consistent with the studies of Chase et al. (1970) and Taylor
et al. (1971). Their maps indicate a north-south strike for the

spreading centers off Baja California at these latitudes at the time
of anomaly 5B (as shown by the dashed stripes in Figure 16).
Anomaly 5B is twice left-laterally offset between 27. 0° and 30. 0° N.
Lat. The offset at approximately 28.

00

N. Lat. corresponds with

the Molokai Fracture Zone. The offset between 28. 00 and 29.50 N.

Lat. is consistent with the sense of motion documented by gravity and
bathymetry of the Popcorn Fault. In total between 27.0° and 30.

00

N.

Lat. the magnetic lineations representing anomaly 5B are offset
approximately 110 km in a left-lateral sense.
Correlation of two observed magnetic profiles (the two longest

southernmost tracklines of Figure 16) with the theoretical magnetic

anomalies expected from sea-floor spreading in this area permitted
the identification of remanent magnetic anomalies up to anomaly 5 at
10 my B. P. Program THEOMAG developed by Lu and Keeling (1974)

based on the geomagnetic time scales of Heirtzler et al. (l968) Cox
(1969) and Blakely (1974) generated the theoretical anomalies. An

assumed full spreading rate of 3.4 cm/yr for this area yields the
best correlation. This value is consistent with spreading rates to
the west of the study area as determined by Chase et al. (1970) and
by Taylor et al. (1971). The graphic correlation

of

the observed and

computed theoretical anomalies is shown in Figures 24 and 25.

Anomaly 5A, though poorly expressed, occurs in both profiles under
the Cedros Trench and the continental slope. The thick sedimentary

section of the Cedros Trench, the accreted sediments of the Continental slope,and deeper depths to the magnetic source probably act to
subdue this anomaly.

A tentative correlation of anomaly 5 in these profiles with
neighboring profiles suggests a slight clockwise rotation of the mag-

netic lineations with respect to older anomalies, perhaps due to a
change in the direction of sea-floor spreading in this region at that

time (Larson et al., 1968; Chase et al., 1970). The existence of
anomaly 5 in the study area implies that at least part of the continental
margin at these latitudes is underlain by oceanic crust.
Oceanic remanent magnetic anomalies in the rest of the study

area are impossible to identify.
The rest of the magnetic anomalies in Figure 16 essentially show

the same pattern as in Figure 15. The westernmost continuous line
(Figure 16) traces the magnetic anomaly peak associated with the San
Benito Ridge. Correlation of this magnetic peak with the gravity and

bathymetric profiles of Figures 13 and 14 respectively, show the offset of the ridge by the Popcorn Fault in agreement with the suggested
extension of this fault into the borderland by Moore (1969). The

central line shows the extension between 28.5° and 29.50 N. Lat. of
a positive anomaly over the San Quintin Trough. The fractured
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acoustic basement under this trough (Moore, 1969; Normark, 1977)

and dredged Franciscan material (Butler, 1964) associate this positive
anomaly with a fractured Franciscan type of basement for the area.
The easternmost line coincides with the trace of the Santillan and

Barrera Lineament (from Figure 3), whose seaward continuation is
apparent in the alignment of anomaly peaks. East of this line batho-

lithic outcrops occur. To the west, the width of the magnetic anoma-

lies suggest a non-vertical, seaward dip of the batholithic wall.
In summary the total magnetic field anomalies off Baja Califor-

nia between 27.00 and 30.00 N. Lat. appear to be of two types. The

first type corresponds to magnetic anomalies seaward of the continental slope, which reflect the remanent magnetization usually associated with oceanic crust. These anomalies suggest that the continental

margin of Baja California at these latitudes is underlain by oceanic

crust at least 75 km landward of the Cedros Trench axis. The correlation of these anomalies with theoretical sea-floor spreading anoma-

lies confirms the left lateral offset of the magnetic lineations by the
Molokai Fracture Zone and the Popcorn Fault.

Bathymetry and

gravity data discussed in the previous sections show that opposite the

Molokai Fracture Zone the Popcorn Fault has a surface expression
landward of the trench where it offsets the Cedros Trench and continenta slope. Magnetic anomalies also provide evidence for the change

in spreading direction that occurred between the times of anomalies 5A
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and 5. The second type of anomalies occur landward of the continental

slope base. These anomalies are associated with the San Benito

Ridge, the Santillan and Barrera Lineament, the fractured Franciscan basement of the San Quintiri Trough, and the high density intru-.

sive body in southern Vizcaino Bay.

Seismic Reflection and Refraction Data
A preliminary analysis of the gravity and magnetic s data ob-

tamed during the cruise BAJA 75 permitted the selection of sites of

interest to run three single channel seismic reflection profiles and a

reversed refraction line. Figure 17 shows the location of these sites,
identified as A1A1', B1B1', CC', and WAR1Z respectively.

The pro-

files A1A1' and B1B1' present a typical profile of the continental mar-

gin of northern Vizcaino Bay from the deep sea, through the Cedros

Trench, the continental slope and the continental shelf. The profile
CC' crosses the prominent gravity high in southern Vizcaino Bay.

The reversed refraction line WAR 12 runs parallel to the general trend

of the structures in the area as indicated by the free-air gravity and
total field magnetic anomaly contours (Figures 11 and 15). The site

of WAR1Z is close to a deep seismic refraction station of Fisher and
Hess (1963). Its primary purpose was to obtain a better resolution

of the upper stratigraphic layers in this part of Vizcaino Bay.
Figure 18 shows a line drawing of the single channel seismic
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reflection record obtained during the run of profiles A1AJ' and B1B1.

The horizontal scale is in kilometers and the vertical scales are in
both seconds of two-way travel time and depth in kilometers (based on

a water velocity of 1.5 km/sec). The profile A1A1' shows the continental shelf break to occur at a depth between ZOO and 300 meters.

Eastward of this break the layering corresponds to the sedimentary
sequence of the basin that forms the shelf of northern Vizcaino Bay.

A strong reflecting horizon separates the older, preorogenic,

de-

formed sediments from the younger, postorogenic undisturbed sediments in the part of the basin shown in this profile. The continental
slope between the shelf break and 15 km seaward shows exposed

acoustic basement in the form of a ridge with a sedimentary wedge

at its base, suggesting a submarine landslide. From 15 to 35 km
seaward of the shelf break a series of reflection hyperbolas, indicative of steeply folded or fractured materials delineate two major,
nearly exposed, basement ridges with a slope basin contained between
them. The sedimentary sequence in this basin, with a maximum

thickness of approximately one second of two-way travel-time, is dis-

turbed by another, deeper basement ridge which distorts the sediments

to the very surface. This middle ridge separates the broad basin into
two smaller basins. The sediments in the basin east of the ridge

(toward Al) spilled over the ridge to fill the basin to the west. A
strong reflecting horizon in this sedimentary sequence separates

preorogerlic older sediments from younger postorogenic sediments.
The prominent basement ridge at 35 kilometers is continuous with the
previously identified San Benito Ridge (Figures 15 and 16). It is

covered by a thin nearly transparent layer of sediments and is on a
direct northwest alignment with the San Benito Islands within the mag-

netic and gravity highs that surround the Mesozoic islands of the

Western Cape. From 35 to 55 km the continental slope consists of a
sedimentary wedge of fairly uniform thickness over highly folded or

fractured basement ridges. At the base of the slope this acoustic
basement is nearly exposed again. Between 6Z and 90 km there occurs
the Cedros Trench and its sedimentary wedge.

The thickest part of

this wedge occurs toward the base of the slope and has a thickness of
0.75 seconds of two-way travel time. This amounts to approximately

750 meters of sediments, presumably turbidites with a velocity of 2

km/sec. The seaward part of the trench is elevated with respect to
the inner part. This appears to be due to bending of the acoustic
basement layer that dips downward toward the continent. In this pro-

file the deep-sea floor at 110 km corresponds to the Guadalupe

Arrugado area distinguished by its anomalously shallow
depths. Seaward of the trench, beyond 100 km, the presence of

reflection hyperbolas is indicative of oceanic acoustic basement. The

sedimentary cover in this part of the deep-sea area is draped, very
thin, and acoustically transparent, indicating its probable pelagic nathre.

I,
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The lower profile in Figure 18 shows a seismic reflection profile (BJB1') of the continental shelf northeast of the Benito Islands.

Reverberations and multiple returns caused by the shallow water

depths obscured part of the deeper reflections. To the west, toward

B!, the outer shelf edge at 100 km appears to be structurally supported by acoustic basement. The acoustic basement underlying the
shelf break is a southeastern projection of Ranger Bank. Dredge
hauls from this bank include rocks of Franciscan type (Emery, 1948).
Between 90 and 0 km two sedimentary basins occupy the continental
shelf. The western basin between 90 and 50 km shows a better de-

fined, layered, sedimentary sequence. An unconformable surface,
shown by a strongly reflecting horizon, separates the uppermost,

relatively urideformed, younger sediments from the lower, more

deformed, older sediments. Normark (1974), from fossiliferous
cores, found the upper sediments of this basin to be Upper Pliocene

semiconsolidated clays. The boundary between the sedimentary
basins is due north of the Western Cape block and along the same
gravity high (Figure 11). The lower sediments in the eastern basin

show discontinuities in the reflecting layers, which suggest the
presence of numerous faults cutting through them.

Figure 19 shows the seismic reflection profile

CCT

along a line

through southern Vizcaino Bay, across the gravity high shown in
Figure 11. The most important feature of this profile is the presence
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of shallow acoustic basement 200 meters from the sea bottom at 32

km from C, in the same area in which a free-air gravity anomaly
high of +100 mgal occurs. As previously discussed, this is thought
to be an intrusive feature because of the extremely high magnetic and
gravity anomalies associated with it. The eastern steep side of this

basement rise corresponds with the higher gradient flank of that
gravity anomaly. Only the lowermost sedimentary layers in the

vicinity of the intrusion show some degree of deformation. Corre-

lation of these deformed sedimentary strata with the known stratigraphy of the nearby Vizcaino Desert (Mina, 1957; Minch et al., 1976)

places the date of this intrusion as Middle Pliocene.

The incoherent

return signals in the proximity of this basement rise indicated by
dashes at 25 and 48 km may indicate side echoes. The sedimentary

units in this profile show the seaward extension of the Baja California
TisynclineTi into Vizcaino Bay, which, due to the presence of this intru-

sive body, is separated into two sedimentary basins, each one with a
corresponding gravity low (Figure 11). The reflection record mdi-

cates a sediment thickness of approximately 750 meters assuming
a sediment velocity of

a.

0 km/sec at 30 km from C'. Stratigraphic

studies in Vizcaino Bay (Mina, 1957; Minch et al., 1976) and seismic

refraction stations for Vizcairio Bay (Fisher and Hess, 1963; this
study) indicate that the sedimentary fill may reach a thickness of 4
km.

Therefore, acoustic basement in this area, excluding that
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associated with the large intrusive body does not represent lithologic
basement. The sedimentary section in this profile shows the upper-

most layer onlapping the rest of the layers indicating a recent marine

transgression.
In summary, the single channel reflection profiles across the
western continental margin of Baja California suggest a deformed and

highly fractured subsurface of the upper sedimentary section. Seismic reflection data for other active convergent margins of the world
(Fisher, 1961; Karig, 1970; Kulm and Fowler, 1974; Ladd et al.,
1977) show similar structures. Recent models used to explain these

patterns postulate imbricate thrusting (Seely et al., 1974) or the
successive stacking of accreted trench and upper oceanic crustal

material under the continental margins as the origin of these structures. In the profiles A1A1 and

B1B11

the acoustic basement ridges

are associated with accreted material of Jurassic-Cretaceous age
surfacing in the nearby islands of the Western Cape. Profile CC

when correlated with gravity strongly suggests the existence of an

igneous intrusion in southern Vizcaino Bay.

Figure 20 presents the results of the sonobuoy reversed wideangle reflection-refraction line WAR 12 run in Vizcaino Bay. Figure
17 shows the location of line WAR 12. The map coordinates of the

mid-point are 28.7. N. Lat. and 114.9° W. Long. The line trends
northwest-southeast and was run where the shelf depth was 82 meters.
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Wide angle reflection returns include both reflection hyperbolas

and refracted arrivals associated with interfaces between layers of
different acoustic impedance. Theoretically, either the reflection

hyperbolas or the refraction lines could be used to solve for the depth

to reflectors, layer thicknesses, and layer dips. In this study, the
shallow nature of the area, seismic noise, reverberations, multiple
arrivals, and bubble oscillations made difficult all but the identifica-

tion of the first reflection hyperbola

.

Therefore, refracted arrivals

were used to solve for layered structure. In the original seismic

records both axes are proportional to time; the abscissa represents
the time elapsed between the outgoing airgun pulse and the sonobuoy

arrival, and the ordinate represents the travel of the acoustic signal
from the airgun along the corresponding interface to the sonobuoy.
In. this study the method of Le Pichon et al. (1968) was used to corn-

pute the velocity of the direct wave and thereby convert the abscissa
units from time to distance. Travel-time data for the refracted

arrivals were then plotted versus horizontal distance as shown in
Figure ZOA. The straight lines correspond to the apparent seismic
velocities of critically refracted waves traveling along different

layer interfaces.
Figure ZOB represents a seismic section consistent with the

travel-time data. Plane dipping layers and constant velocities are
assumed. Program MULTLAY, adapted for the 0S3 computer
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system of Oregon State University by Dr. Stephen H. Johnson, was

used to compute the structure section. This program uses the
Adachi recursion formula (Adachi, 1954) to solve for layer velocities,

depths, thicknesses and dips. Use of this program requires corresporiding straight lines for each velocity in both forward and reversed

directions and the same end-to-end travel-times for the forward and

reversed lines associated with a specific refractor. The data of line
WAR1Z satisfied both conditions. The uppermost water layer in the

section has a constant thickness of 82 meters and a velocity of 1.5

km/sec. The data used in this study provides refraction information
on the uppermost sedimentary layer as indicated by the apparent
velocities VZA and VZB. Similar studies in other areas off southern

Baja California (Coperude, 1978; Huehn, 1977) did not resolve this

layer. Results indicate that this layer varies in thickness from
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meters at end A to 226 meters at end B, dipping to the northwest and

having a velocity of 1.8 km/sec. On the basis of their acoustic properties, five layers can be differentiated for this part of Vizcaino Bay.
Correlation of the velocities of these layers with the empirical curve
of Ludwig et al. (1970) indicate that the densities of the four uppermost

layers correspond to sediments having different degrees of compactiori. The layer with a velocity of 1.80 km/sec corresponds to soft

unconsolidated sediments having a density range of 1.9 to 2.0 gm/cc.

The layers with velocities of 2.28 km/sec and 2.62 km/sec correspond
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to a density range of 2. 0 to 2. 20 gm/cc, which may be associated with

semiconsolidated and consolidated sediments. The layer with 3.70

km/sec indicates highly consolidated material and is associated with
a density of 2.40 gm/cc. The velocity of this layer falls in the range

of velocities obtained for the upper part of the Franciscan column of

the Benito Islands (Fisher and Hess, 1963) farther west. The lower-

most layer with a velocity of 5.37 km/sec corresponds to a density
of 2. 67 gm/cc and indicates bedrock material or part of the penin-

sular crystalline complex at depth.
In summary the thickness of the sedimentary column in this
part of Vizcaino Bay ranges from 2. 75 km at the northwest end A to
3.3 km at the southwest end B. The thickness of this column in-

creases toward southern Vizcaino Bay as expected from the higher

present rates of deposition for this area (Emery et al., 1957; Krause,
1964).

Central Gulf of California

Free-Air Gravity Anomalies
Figure 21 shows the location of the gravity stations used in the

construction of a free-air gravity anomaly map for the entral Gulf
of California (Figure 22).

The uncertainty of the station values, given by the root-mean
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square of 75 crossing errors between tracklines, is 4.7 mgal.

The first notable characteristic of Figure Z2 is the negative
value of all of the anomalies in the central Gulf of California. No
positive anomalies occur even near the continental margins of Baja
California and Sonora as might be expected from edge effects. Never-

theless the value of the anomalies tend to zero toward both margins

of the gulf, which suggests these margins are locally isostatically
compensated.

North and east of Angel de Ia Guarda Island and northwest of

Tiburon Island the free-air gravity anomalies are poorly defined due
to insufficient data. The pattern in this area is that of a series of

gravity lows with values less than -30 mgal and trending east-west.
These lows occur over an area where at shelf depths rapid sedimen.tation occurs. Most probably these anomalies relate to variations in
sediment thickness.
West and southeast of Angel de Ia Guarda Island and to the south

of Tiburon Island a series of elongated, northwest trending gravitylows with intervening shorter gravity highs dominate the rest of the

central Gulf of California. From Z7. 00 to approximately 28.5° N.
Lat., in the area of Guaymas and San Pedro Martir Basins (GB and
SPMB in Figure 6), the anomalies trend oblique to the gulf axis.

From 28.5° to 29.50 N. Lat. in the area of Salsipuedes Basin (SP in
Figure 6) the trend of the anomalies is parallel to the gulf axis. This

suggests a change in trend of structures at depth. The gravity low
at 29. 70 N. Lat. and 114. 00 W. Long. reaches a minimum value of

-60 mgal over the Delfin Basin (DB in Figure 6). The area between
Angel de Ia Guarda Island and peninsular Baja California, called the

Canal de Ballenas by some authors (e.g. Shepard, 1950; Rusnak et al.,
1964), is dominated by a gravity low with values becoming more posi-

tive in a northwest direction. This effect, at least in part, is attributable to the gradual shoaling of the gulf floor. The eastward bending

of the -40 mgal contour at 29. 2° N. Lat. in the Canal de Ballenas
area indicates the northern extension of the filled sedimentary trough
inferred at Bahia de los Angeles (Harrison and Mathur, 1964).

The

gravity low at 28.8° N. Lat. and 113.10 W. Long. reaches values of
-100 mgal and has steep gradients toward the northeast and southwest. This anomaly corresponds to the Salsipuedes Basin (SP in

Figure 6) which has a depth of 1200 meters. Southeast of the Salsi-

puedes Basin, a short, arcuate gravity high of -10 mgal coincides
with shallowing of the gulf to about 400 meters, indicated by the corresponding bathymetric contour in Figure 6. The gravity low immediately to the southeast of the above high reaches a minimum value

of -50 mgal and correlates with the San Pedro Martir Basin of 900
meters depth (SPMB in Figure 6). A short intervening gravity high of
-20 mgal,

associated with shallower depths, separates the gravity

low of the San Pedro Martir Basin into two anomalies, one to the
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south and one to the southeast. The gravity low to the south, centered

at approximately 27.8° N. Lat. 112. 2° W. Long. exhibits values of

less than -60 mgal and has a steep gradient toward the northeast.
This gravity low closely relates to the northwestward extension of the
Guaymas Basin whose depths in this area reach 1500 meters (Figure
6).

The gravity low to the southeast has its center at about 27.8° N.

Lat. and ilL 7° W. Long. The northeastward extension of the -20
mgal contour line of this low corresponds with the deflection of bathy-

metric contours in the same direction. This gravity low is located in
an area with rapid rates of deposition and southwesterly increasing
depths. Its southwest flank has the higher gradient and correlates

with the steep bathymetric gradient representing the fault scarp that
bounds the Guaymas Basin to the northeast. This gravity low suggests

the existence of a structural trough, maybe a graben, now filled and
concealed beneath the sediment. The alignment of this gravity low

with the corresponding gravity lows of San Pedro Martir and Salsipuedes Basins delineates the trends of the two fault zones controlling
them. Figure 3 presents these two zones, here named the Angel de

Ia Guarda Fault Zone and the Guaymas Fault Zone. The deepest

portionof the Guaymas Basin, centered at 27.3° N. Lat. and 111.4°
W. Long., is associated with a gravity low of -40 mgal.

West of

Guaymas, at approximately 111. 4° W. Long., a gravity high of - 10
mgal is associated with the topographic high of San Pedro Nolasco
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Island. Between this high and just west of Guaymas there is an

elongated gravity low of -40 mgal parallel to the coastline. This low

occurs at shelf depths of 100 to 200 meters and its trend is oblique

to the depth contour lines for the same area (Figure 6). This suggests
the existence of a narrow, deep, sedimentary trough bounded by the
basement uplift of San Pedro Nolasco Island to the west and a normal

fault to the east responsible for the steep gravity gradient. Southeast
of Tiburon Island there is another gravity low with values of less than
-40 mgal.

This low is also probably associated with a sedimentary

trough. To the west of this low a gravity high of -10 mgal. suggests

an extension into the area of the basement uplift responsible for San
Esteban Island to the northwest and San Pedro Nolasco Island to the

southeast. A gravity low of -40 mgal exists at about 28.0° N. Lat.
This low occurs in the only area of the western margin of the gulf that
shows some shelf development (van Andel, 1964). Inland at the same

latitude, there occurs a transition from the region of batholith dominated geology to the north to the region of volcanic geology to the
south. This anomaly may therefore represent either an offshore

accumulation of soft material or an edge effect associated with the
plunging of the Baja California Batholith beneath the Comoridu Forma-

tion. A gravity high of -20 mgal centered at 27.4° N. Lat. and
lii.. 8° W. Long. is associated with the topographic high of Tortugas
Island. Offshore Santa Rosalia and Purita Santa Ines the steep gravity
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gradient shows the northwestward extension of a fault zone, hereafter named the Carmen Fault Zone (Figure 3). The gravity low of
-80 mgal in the southernmost part of the map, at about 111.6° W.

Long. suggests a fault bounded structural depression now filled with
sediments. The gravity low of -50 mgal at 27.1° N. Lat. and 110. 6°

W. Long. suggests the same kind of structural feature. In this
gravity low the westward extension of the -20 mgal contour corresponds to the extension in the same direction of the 500 fathoms (913

m) bathymetric contour of Fisher et al. (1964).

In summary, the free-air gravity anomalies of the central Gulf
of Baja California are all negative and controlled by three, Angel de
la Guarda, Guaymas, and Carmen, main structural lineaments shown

in Figure 3. The main basins of the region, the Delfin, Salsipuedes,

San Pedro Martir and Guaymas Basins, all have associated gravity
lows; however, the deepest of these basins, the Guaymas Basin, does
not show the lowest gravity values. Because this basin is thought to

be a spreading center (Vine, 1966; Moore, 1973; Lawyer et al., 1975),
intrusive material of higher density and shallowing of the Moho associated with the spreading action may account for the difference. Salsi-

puedes Basin, characterized by a gravity low, is an area of high heat
flow values (Lawyer, 1975) and of recent seismic activity (Munguia

et al., 1977). These characteristics strongly suggest the existence
of another spreading center in this area. Other low gravity anomalies
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in the central Gulf of California indicate the existence of fault bounded,

sediment filled structural troughs near the eastern margin of the gulf.
A series of gravity highs southeast of Tiburon Island mark the exten-

sion of uplifted basement material associated with islands northeast
of Angel de Ia Guarda Fault Zone (Figure 3).
Total Magnetic Field Anomalies

Klitgord et al. (1974) reported on a magnetic survey in the
central Gulf of California. Their magnetic anomaly map shows no

anomaly associated with sea-floor spreading as might be expected

over the proposed spreading centers located in this part of the gulf.
Sedimentation over those segments of the East Pacific Rise associated with such centers might tend to inhibit the coherent magnetization of basalts by insulating them. The anomaly patterns appear to

relate more to induced magnetization, to the relief of the magnetic
basement, to continental edge effects, and/or topography. Figure 23

(their Figure 4) reproduced here, shows the total magnetic anomaly
profiles plotted along tracklin.es parallel to the strike of the proposed

spreading centers. Northeast of Angel de la Guarda Island and northwest of Tiburon Island the magnetic anomalies are of low amplitude

except for a peak at approximately 30.0° N. Lat. and 113.00 W. Long
This area is thought to be of the same continental nature (Phillips,
1964) as the nearby Sonora Basin-and-Range Province where normal
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or block faulting (Figure 7) predominates. Therefore, the anomaly

peak must indicate a discontinuity in the basement relief due to normal
faulting. The eastern end of the profiles just northwest of Tiburon

Island show an abrupt change in gradient which suggests the southeastward extension of the same normal fault.
Southeast of Angel de la Guarda Island and south of Tiburon

Island the correlation of the magnetic anomaly peaks confirms the

lineaments suggested by the free-air gravity data for the same area
(Figure 3). These peaks are produced by discontinuities in the mag-

netic basement relief, and/or by changes in basement magnetization

at fault scarps.
The northwestward extension of the Guaymas Basin, character-

ized above by a gravity low, correlates with a series of broad positive magnetic anomalies between the lineaments that define the
Guaymas Fault Zone and the Carmen Fault Zone (Figure 3). This

indicates a northwestward extension of the same rock material that
intrudes at the spreading center of Guaymas Basin. This intrusive
process, recently documented by earthquake swarms (Reichle and

Reid, 1977) and by seismic reflection profiles and heat-flow measure-

ments (Lawyer et al., 1975), produces material of oceanic crustal
type, but here under a thick blanket of insulating sediments which
reduce the formation of high remanent magnetizations. Nevertheless,

induced magnetizations associated with the same material may cause
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the broad positive anomalies found in the area. These anomalies

occur over areas with pinnacles of transparent basement (Bischoff
and Henyey, 1974) and high heat flow (Lawyer et al., 1973). These

facts suggest the basement of the northwestward extension of Guaymas

Basin to consist of fractured igneous material as might be expected
from an episodic spreading process. Therefore the broad positive
anomalies delineate an area of the central Gulf of California underlain by basement of the oceanic type.

In summary the magnetic data shown here for the central Gulf

of California, when correlated with the free-air gravity data for the
same area, outline three predominant lineamerits associated with the
transform fault zones postulated for this part of the gulf. The change
in trend of these lineaments from northwest to north-northwest suggests
an adjustment in the strike of the proposed segments of the East

Pacific Rise in the last 4.5 my from northeast to north-northeast.
Minor plate boundary adjustments in the central Gulf of California

are still taking place according to the seismic studies of Reichie et
al. (1976). The magnetic anomalies of Figure 23 also show some

sharp peaks associated with continental edge effects in an area of
predominantly oceanic basement.

116

CRUSTAL MODELS

Analysis of Potential Field Data

In theoretical geophysics given a buried body and certain of its

characteristics, for example its shape and either its density or magnetization, it is a relatively simple matter to derive its geophysical

surface expression, a gravity or magnetic field from mathematical

formulas or numerical methods. The solution for this problem is
unique and is referred to as the direct problem. In practice the most
common problem is, given the corresponding surface geophysical

expression, to derive some characteristics of the structure or body
producing that expression. This problem is known as the inverse
problem and has no unique soLution. That is to say, given a measured

surface gravity field, there exists an infinite number of combinations
of shapes and densities of bodies that could produce the observed
gravity values. There are two basic approaches to the solution of the

inverse problem, the direct and the indirect methods. The direct
method involves some form of inversion of the observed data to

directly determine the unknown parameter. Some of these methods
include: the half width method, (Dobrin, 1976) the downward continu-

ation technique and the Taylor expansion technique (Grant and West,
1965).

The indirect method consists in computing the potential field
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of an assumed model and then matching :it.:ith. the observed, field and

iterating until the computed and observed fields match. Additional
data constraining the computed model greatly reduces the number of
possible solutions. With the advent of computers, some numerical

methods to calculate the potential field effects of bodies with complex
shape were introduced e.g. Talwa:ni tal., 1959; Talwani and Ewing, 1960).

If the assumed source bodies are two-dimensional, with one dimen-

sion very much greater than the other two, the calculations are made
more simple.
The Calculation of Model Crustal Cross Sections
of Central Baja California

Figure 17 shows the location and orientation of two 2- dinien-

sional model crustal cross sections computed for this study (lines
AA' and BBS).

Figure 24 presents 2-D crustal model AA', which

transects the continental margins of Baja California and mainland
Mexico, from the Guadalupe Arrugado area, through northern Viz-

caino Bay, peninsular Baja, the Canal de Ballenas, Angel de la Guarda
Island, the Gulf of California, and central Sonora. Figure 25 shows

the 2-D crustal model BB' from the deep-sea area of the Baja California Seamount Province, through southern Vizcaino Bay, peninsular

Baja, the Canal de Ballenas, Angel de Ia Guarda, the Gulf of California and central Sonora.
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The criteria for the selection of the locations of the crustal
sections were: a) a location at which the bathymetric profiles of the

western margin of Baja California most closely resembled a convergent margin; b) the location of the Longest magnetic profiles for their

possible correlations with anomalies produced by sea-floor spreading; c) a gravity profile crossing the unusually high free-air gravity

anomaly in southern Vizcairio Bay, and d) an area in which gravity,
magnetic and bathymetric contours indicated the best possibility of

two-dimensional source bodies oriented normal to the section.
In the computation of the two 2-D crustal models, the indirect

method was used to invert the observed free-air gravity and total
magnetic potential fields. This method was chosen for the following
reasons: a) with the exception of one free-air gravity anomaly, the

gravity and magnetic data (Figures 11, 15 and 22) implied two dimen

sionality; and b) the availability of 22 seismic refraction stations in
the study area (Table 1) to place further constraints on the computed
models. Additional constraints on the sections included three seis-

rnic reflection lines, bathymetric profiles, submarine geologic information and nearby surface geologic data.
The methods of Talwani et al. (1959) and Taiwani and Heirtzler
(1964) , used to compute the potential field effects of the crustal models

assume that the different geologic bodies that form the model can be
approximated by polyhedra having dimensions normal to the cross
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section that extend to infinity. Program *GRAVZDLD (Gemperle,

1975) based on the method of Taiwani et al. (1959), was used to corn-

pute the vertical gravitational components of the assumed models.

The input parameters for the program are the spatial dimensions and
the source body density. Program

WOMAG (Blakely, personal

communication, 1975), using the method of Taiwani and Heirtzler
(1964), was used to compute the total magnetic field anomaly produced by the magnetized two-dimensional polygonal bodies of the

crustal models. The inputr parameters for this program are the
spatial dimensions, the magnitude, inclination and declination of
source body magnetization, and the inclination and declination of the

earth's magnetic field for the study area. The values computed with
*TWOMAG were compared directly with the observed total magnetic

field anomaly values. The values computed with *GRAVZDLD repre-

sent the total vertical gravitational component of the model, and had

to be reduced first to computed free-air gravity values prior to cornparison with the observed free-air gravity anomalies. This was done
by substracting the gravity effect of a standard mass column for the

area.
Barday (1974) obtained an average standard section for the
Pacific Basin. His constraints and considerations included: a) layer

thicknesses constrained by the average of several seismic refraction
stations, b) a 17 my to 42 my range of crustal ages, and c) no
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lateral homogeneities of the mantle below 50 km. The gravitational

attraction of his standard section is 6442. 0 mgals. For the present

study, and because the westernmost seismic refraction stations of
the models AA' and BB' (Figure 17) are on oceanic crust 18 my old,
the Barday mass column was adopted.

The subtraction of 6442. 0 mgals from the vertical attraction
of the models as calculated with program *GRAVZDLD, provided the

corresponding free-air gravity anomalies that were then compared with

the observed free-air data. Successive iterations involving adjustments
of the parameters of the. model within ranges permitted by the con-

straints previously mentioned, resulted in the best-fit models shown
in Figures 24 and 25.

Crustal Cross Sections AA' and BB'

Figure 24 shows cross section A-A' and the data which constrain the model. The uppermost solid curved line shows the observed magnetic field data. The triangles represent computed magnetic values. The curve below is a theoretical curve computed from

the remanent magnetization of an infinite horizontal slab at a depth of

4 km, using the method of Lu and Reeling (1974) with the revised

time scale of Blakely (1974) and a full spreading rate of 3.4 cm/yr.
Located immediately below is the free-air gravity anomaly profile.

The solid lines represent the observed values, the dashed line the
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inferred values, and the open circles the computed values. The cor-

responding crustal models are presented below the free-air gravity
profiles. The upper section has a vertical exaggeration of 4:1 and

the lower section is in true scale. The horizontal and vertical scales
are in km. The black bars denote layer depths as determined by the

refraction stations located in Figure 17. The numbers indicate the
densities of the layers in g/cc and the parameter M indicates magnetization in emu/cc.
A A

Seismic control for crustal model AA (Figure 17) is provided

by the projection on to the profile of refraction stations FF-2, FS-2,

FS-3, WAR12, FS-4, PH-8, PH-9, PH-6, PH-7, PH-10 and PH-il.
The western end of the cross section is tied to the standard oceanic
section bf Barday (1974) and the eastern end in mainland Mexico is

tied and balanced using a regional average of the refraction stations
920, 922, 923 and 928 of McConnell and MacTaggart-Cowen (1963).

The standard oceanic section of Barday employs a mantle density of

3. 32 gr/cc and crustal densities of 2.90, 2.60, 2.00 and 1.03 gm/cc
for the oceanic, transition, sedimentary and water layers respec
tively. For the computation of the model AA' the density of the

mantle for the oceanic area off western Baja California had to be

adjusted to 3. 30 gm/cc in order to fit certain satellite gravity
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observations for the deep-sea area west of refraction station FF-2
(Gaposchkin and Lambeck, 1971).

The gravity and magnetic s values for the part of the cross sec-

tion west of the peninsula are from a long trackline of the cruise
BAJA 76 shown as AB1' in Figure 17. The gravity values for penin-

sular Baja, shown by crosses in Figure 10, are from Gastil et al.
(1975).

The gravity values for the Gulf of California and central

Sonora, shown by Figure 21, are from the DMAAC data files. Magnetic values for the gulf section of the model are subdued (Klitgord

et al., 1974) as discussed in the section of the study dealing with magnetics in the central Gulf of California. Therefore, no magnetic
modelling was considered for this part of the section. Conversions

of seismic velocities to material densities were based upon the empirical curve of Ludwig et al. (1970).
The westward end of the modelled profile (Figure 24) shows a

typical oceanic crust composed of three layers overlying mantle. The
upward bending of these layers, just seaward of the Cedros Trench,
is consistent with the local gravity high found in the area. This
upwarping is similar to the commonly found outer topographic high

associated with active subduction zones (e. g. Dehlinger et al. , 1967,
l968a; Victor, 1975;:Whitsett, 1976).

The thick sedimentary section of the Cedros Trench plus the
deependirig of the other crustal layers as shown by refraction station
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FS-2 are consistent with the significant gravity low of -130 mgal
found over the trench. The depth to the Moho under this station is 12
km.

The peak of the gravity low is displaced slightly seaward of the

trench axis unlike active convergent margins (e.g. Dehlinge. et al.
1967, l968a, 1968b; Watt and Talwani 1974). This effect probably

reflects the relict convergent nature of the western continental margin off Baja California.
The continental slope between 930 and 1000 km on the profile

consists of a thin layer of 2. 0 gm/cc sediments overlying more con-

solidated sediments having seismic velocities of 2.5 to 4.0 km/sec
and an average density of 2. 40 gm/cc. This material forms the

acoustic basement found in the reflection profiles , shown in Figures

18 and 19, used to help constrain this part of the model. The San
Benito Ridge and the sedimentary basin on its eastern flank (Figure
18) are responsible for the change in gradient of the gravity anomaly
shown in the model at 975 km.

The material under the continental slope, plus the general shal-

lowing of the area, causes the gravity values to become rapidly positive.

The outer shelf edge at 1000 km is marked by a gravity high of
+50 mgal.. This high is caused by the structural truncating of mater-

ial with a density of 2. 65 gm/cc. This material is inferred from a

velocity of 5. 6 km/ sec obtained at refraction stations FS- 3 near
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San Benito Islands.

The oceanic transitional or magnetic layer, with a density of
2. 60 gm/cc, seems to extend under this part of the margin of Baja

California at least to the location of refraction station FS-3 as suggested by the correlation of theoretical with observed magnetic
anomalies (shown by the two uppermost curves of Figure 24). In the

model this magnetic layer underlies part of the 2.65 gm/cc material.
Because of its lesser density, 2. 60 gm/cc, its upper boundary could
not be detected at seismic refraction station FS-3. Therefore the
boundary between the 2. 65 gm/cc material and the magnetic oceanic

layer was located by extrapolating both: the observed magnetic

anomalies and the thickness of the magnetic layer at stations FF-2 and
FS-2. This brought the depth of the Moho under station FS-3 to

17.5 km.

The 2. 65 gm/cc and at least part of the 2. 40 gm/cc material
underlying much of the western continental margin of Baja in this

model correlate with the Franciscan material outcropping on the
islands of the Western Cape (Cohen et al., 1963; Kilmer, 1966, 1969)

and are identified hereafter as such.
From 1000 to 1100 km. two sedimentary basins in Vizcaino Bay,

indicated on the seismic reflection profiles of Figure 18, cause the

gravity values to decrease. At 1025 km a structural termination of
Franciscan material prevents the gravity anomaly from reaching a
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local low above the western basin. Instead a marked change in gra-

dient occurs. The eastern basin sedimentary column, 3. 5 km thick
at 1050 km, causes the gravity values to reach a low of -25 rngal.
Refraction stations WAR 12 and FS-4 at this location show the crust

to consist of four sedimentary layers (reduced to three in the model

for scale purposes), a layer of bedrock material with a velocity of
5.6 km/sec, a density of 2.67 gm/cc and a thickness of 5.8 km, and
a layer with a velocity of 6.6 km/sec, a density of 2. 80 gm/cc, and

a thickness of 7. 8 km. The depth to the crust-mantle interface beneath these stations is 17.1 kim which is less than the 17.5 km Moho
depth beneath stations FS-3. This rise in the mantle partially corn-

pensates for the thickness of the sedimentary column and prevents
the observed gravity low from being more negative.
The shape and magnitude of the observed magnetic anomalies

(Figure 24, uppermost curve) to the east of 1000 km are attributed
to induced magnetization. However remanent oceanic anomaly nurn-

ber 5 seems to be superimposed on the westernmost induced mag-

netic expression of the Franciscan material.
The shapes of the Franciscan body and of the 2.67 gm/cc
blocks (having magnetizations of 0. 0032 and 0. 0045 emu/cc respec-

tively) were modeled to fit the observed magnetic anomalies.

On

this basis the magnetizations also differentiate between the Franciscan material and what will hereafter be identified as continental
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crystalline complex, including the Baja California Batholith.
The transition from the 2. 90 gm/cc oceanic layer to the 2. 80

gm/cc block that forms the lower crust of the peninsula was inferred
from the easternmost extension of the oceanic remanent magnetic
anomalies

The block having a density of 2. 80 gm/cc suggests a lower crust
for peninsular Baja of continental type. Alternatively this material
may represent subducted oceanic crust depending upon how this part
of the margin developed. Based upon their analysis of the reorien-

tation history of the East Pacific Rise north of the Rivera Fracture
Zone, Ness and Lynn (1975) predicted that progressively younger

marine magnetic anomalies should be found beneath the western margin of Baja California. Huehn (1977), from magnetic evidence, found

such a pattern beneath the western margin of the southern peninsula,
suggesting the possibility of a continuous migration of the eastern

Pacific spreading center from the now relict subduction zone in the

west to the present location of the rise-crest in the mouth of the gulf.
This would certainly imply that the lower crust of the peninsula is of
the oceanic type. Coperude (1978), based also on magnetic data,

argued that this was not likely the case.
Between 1050 and 1180 km there was no refraction control for
the model. Instead geologic control was used (Gastil et al., 1975).

The observed gravity values mainly reflect the rugged topography of
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the peninsula. The sharp gravity high at 1100 km is associated with

batholithic outcrops near the west coast of the peninsula (Figure 5).
The gravity low at 1110 km is caused by a block of prebatholithic sedi.
ments and metasediments belonging to the second of the geologic belts

mentioned in the section of this study that discusses the geology of

Baja. A density of 2. 40 gm/cc was assigned to this block on the basis

of its sedimentary nature. The gravity high at 1125 km reflects the
higher elevations of this block (Aeronautical chart, ONCH-22) at its

eastern margins. The sediment filled Gonzaga Trough at 1130 km,
with a density of 2. 20 gm/cc, causes a corresponding gravity low of
-20 mgal.

The highest value of gravity in the section occurs at the easternmost part of the peninsula at 1050 km. Here the highest topographic
elevations of batholithic material occur (720 meters). In order to
match the observed gravity with the computed gravity values over

Baja, the depths to the lower crustal layer and to the mantle had to
be lowered to 11 and 20. 3 km from the 9. 4 and 17. 1 km documented

at refraction station FS-4.
At 1190 km, in the Canal de Ballenas, the reversed refraction
lines PH-8 and PH-9 (Phillips, 1964) indicate that the crust under this
trough consists of two layers: a 1.5 km thick layer of unconsolidated
sediments with velocity of 2.0 km/sec and a density of 2.0 gm/cc,
and a 10 km thick layer of material with a velocity of 5. 5 1 km/sec
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and a density of 2.65 gm/cc. The crust under this trough is under
lain by mantle material (at a depth of 12 km) having an anomalous

seismic velocity of 7.6 km/sec and a density of 3.10 gm/cc. These
thicknesses and densities, and the presence of a 3. 30 gm/cc density
mantle at a depth of 22 km, resulted in a computed gravity low of
..60 mgal in agreement with the observed values.

The thickness of the crust beneath this trough suggests a more

oceanic than continental type of crustal structure for the area although the 2. 65 gm/cc crustal block might indicate the opposite.

Recent heat flow studies (Lawyer, 1975) and seismic reflection profiles (Bischoff and Henyey, 1974) for the Canal de Ballenas and nearby

Salsipuedes Basin indicate that the area is an active site of igneous
intrusion.

The high heat flow documented for the trough (up to 17

x lOT6 cal/cm2-sec) may account for the anomalously low density of

the crustal layer under consideration. All of the above evidence,
especially the low density mantle block at 1200 km, strongly supports

the existence of a short spreading center in this area. According to
the location of the gravity low shown in Figure 22 the position of the

axial center would be a little to the southeast of this crustal section,
in Salsipuedes Basin. This model shows only the northwest flank of

that feature. The hachures at 1180 and 1230 km represent a lateral

transition from the main crustal layer under the Canal de Ballenas

to an essentially two layer crust under Baja and a two-layered crust
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under the sediments of the Gulf of California.
An anomaly high of +60 mgal at 1220 km represents the gravi.

tational expression of Angel de la Guarda Island.
Between 1230 and 1300 km the seismic structure provided by

the reversed refraction lines PH-6 - PH-7 and PH-JO - PH-il is
typical of the northern Gulf of California.

The computed structure

that agrees best with the observed low gravity values indicates a four-

layered crust: two sedimentary layers and two of continental crustal
type. The latter are characterized by seismic velocities and mater-

ial densities of 5. 37 and 6.6 km/sec and 2.65 and 2.85 gm/cc respectively. The refraction data for this part of the model did not resolve
the Moho. In order to satisfy the observed gravity values the depth

to the Moho had to be increased eastward from 13 to 20 km within the

distance of 60 km. The above structure clearly indicates that the Gulf
of California is underlain at these latitudes by a crust of continental
type.

At 1300 km the sedimentary section of the Gulf of California

grades into the plains of coastal Sonora which are underlain by normalfaulted continental crystalline material of Basin-and-Range type.

Protrusions of this material above the blanket of Quaternary sediments are documented by the geology and topography of the area

(Figure 5), and cause the observed gravity values to alternate from
high to low. The structural configuration shown in section AA'
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includes three crustal layers and a mantle that grades to a density of
3. 32 gm/cc at 1440 km. The crustal layer with density of 3. 10 gm/cc

was inferred from a velocity of 7.4 km/sec indicated by the refraction
station at 1600 km (Table 2). This station plus the mass balancing

station at 2300 km required a mantle material with 3. 32 gm/cc.
To the east of 1480 km volcanics of the Sierra Madre Province

dominate the surface geology. The observed gravity low at 1550 km
coincides with a volcanoclastic-filled trough documented for the area
(Lopez-Ramos, 1976).

Fluctuations in the observed free-air gravity values are around
zero for mainland Mexico suggesting a local type of isostatic compen-

sation for this area.
Section

BBT

Crustal model BB' (Figure 25) is seismically constrained by
refraction station FS-1 (Figure 17) and passes through the previously
computed structure of Canal de Ballenas and north central Baja California.

The western and easternmost mass columns and refraction

stations are the same as those used in generating section AA.
Gravity and magnetic anomaly values for section BB are from
the following sources: a long trackline from the BAJA 75 cruise along

the part of the line BB' lying west of Baja, gravity values for the peninsula (crosses in Figure 10) from Gastil et al. (1975), and DMAAC
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Figure 25. North central Baja California crustal and subcrustal cross section BB'. Vertical
exaggerations are 4:1 for the upper cross section and 1:1 for the lower cross section.
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gravity values for the Gulf of California and central Sonora (Figure
21).

The western limit of section BB! is just to the south of the
easternrnost extension of the Shirley Trough (ST in Figure 4).
The oceanic starthrd section of Barday (1974), tying the western
end of models AA? and BBT, proposes a mantle density of 3. 32 gm/cc.

The use of this density in the computation of the gravity expression
of the models yields a free-air anomaly of +5 mgal in an area of the
Pacific Basin where satellite observed gravity values (Gaposchkin and
Lambeck, 1971) are between -20 and -30 mgal.

Because of this, in

order to fit the computed gravity values with the observed gravity

values, the mantle density in model BB', as in model AA, had to be
adjusted to 3. 30 gm/cc between 800 km and 1400 km.

The outer gravity high in this model occurs over the projection

of station FS-1. Here the crust consists of three layers, the thickness of the water layer is 3.59 km and the depth to the mantle is 9,50

km. These values are less than the corresponding values of the
standard section of Barday (1974). In combination with a 3. 30 gm/cc

mantle, this seismically constrained part of the model produced a
computed gravity value of -5 mgal in agreement with the observed
gravity value.

The depths to the sea-bottom between stations FS-1 at 810 km

and the Cedros Trench at 880 km are greater than those used in
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constructing model AA' and correspond to depths characteristic of
the Baja California Seamount Province.

The gradual eastward deepending of the sea-bottom plus the

downward bending of the crustal layers east of station FS-1, yield a
gentle negative gravity gradient that culminates in a low of -130 mgal

over the trench. A sedimentary layer 0. 9 km thick with an average

density of 2. 0 gm/cc partially fills the trench. A bulge of the sedimentary section in the seaward portion of the trench fill corresponds
to a change of the gravity gradient found at 875 km. These effects
along with the presence of a gradual eastward deepening of the mantle
were sufficient to provide a good fit between computed and observed

gravity values.

In this section the shelf-slope break occurs 150 km from the

coast line, in contrast with the 80 km value in model AA. This
wider continental shelf, associated with southern Vizcaino Bay, is
marked by the highest observed gravity and magnetic values for the
study area west of Baja.

Due to the lack of refraction stations in this area the main controls used for this part of model BB' were the observed magnetic

(remanent and induced) and gravity anomalies, a seismic reflection
line, the geology of the nearby Vizcaino Peninsula and Cedros Island,
and the two dimensional continuation of structures at depth from
model AA.
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The continental slope is covered with a thin sedimentary overlying material with an average density of 2. 40 gm/cc. This block,

inferred from the studies of Kilmer (1969) for Cedros Island, consists
of consolidated sediments, grading downward into metasediments.

The existence of this block, plus the shallowing of the area from

trench to shelf depths, causes gravity values to increase to a high of
-54 mgal at the shelf-slope break (910 km). In order to match the

computed with the observed gravity values, it was necessary to increase the mantle depth to 14 km under the shelfslope break, in
agreement with model AA.

The broad width of the gravity high starting at the outer shelf
edge indicates that the Franciscan block, which outcrops on nearby

Cedros Island, extends into the profile area. The configuration of
this block and the increased depth to the mantle yield computed values
which agree with the observed broad gravity high.

The previously discussed correlation of the geomagnetic time
scale with some of the observed magnetic anomalies suggests the

extension of the oceanic magnetized layer under this margin, at least
until 60 km to the east of the trench axis. This correlation implies

that oceanic crust 10 my old, about anomaly 5 time, underlies part
of the Franciscan block.

East of the outer shelf edge, the observed magnetic anomalies

are associated with the structure and lithology of the region. The
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observed magnetic anomalies between 910 arid 950 km are matched

with the computed anomalies produced by a Franciscan block having
a magnetization of 0. 0032 emu/cc.

A magnetic low of -150 gammas at 960 km is associated with a
gravity low of +5 mgal at the same location. A deepening of the

magnetized Franciscan material forms the basement of a 3. 2 km
thick basin filled with 2. 0 gm/cc sediments.
The observed gravity profile shows the occurrence of an unusual
gravity high of +100 mgal at 990 km (southern Vizcaino Bay), which

is associated with a corresponding magnetic high of +300 gammas at
the same location. To satisfy the observed gravity and magnetic

values, and by using information from reflection profile CC, the
model includes a high density block immediately under a thin sedimentary cover in the middle of the shallow and flat-bottomed southern
Vizcaino Bay. The density and magnetization of this block are 2. 86

gm/cc and 0.0032 emu/cc respectively. These values are consistent with what is interpreted as a gabbroic intrusion as suggested
earlier in the discussion of the geophysical data used for this study.

As indicated by seismic line CC', the intrusive appears to divide
the seaward extension of the Baja California "Syncline" into two sedi-

mentary basins.
The hachures at 950 km indicate the possible transition of an

oceanic to a continental crust underlying the rest of the margin and
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peninsular Baja. The modeled density of this block is 2. 86 gm/cc

which is the same as that of the gahbroic intrusive. In model AA

the density of the lower crustal layer for Baja is 2. 80 gm/cc, which
may be indicative of lateral variations in the composition of the lower

crustal layer beneath Baja.
The gravity low of -60 mgal at 1010 km is associated with an
unusually large magnetic peak of +1100 gammas at about the same
location. The gravity low is modeled with a sedimentary basin 2. 5 km

thick, underlain by a Franciscan block with density of 2. 60 gm/cc.
To model the magnetic high, it was necessary to combine the magnetic
effects of the Franciscan block with 0. 0032 emu/cc magnetization and
a magnetized block with a steeply dipping westward wall. This block,

which required a fractured upper surface (in agreement with seismic
reflection profiles), has a magnetization of 0. 0065 emu/cc, and is
associated with the westernmost extension of the continental crystalline complex.

The gravity high of +30 mgal at 1070 km on the coast line of

Baja, corresponds with a steep positive magnetic gradient. This
combination implies a continental edge effect which was modeled using
a block having a density of 2. 82 gm/cc and a magnetization of 0. 0075

ema/cc. The nature of this block is inferred from nearby coastal
outcrops of basic igneous rocks of the Baja California Batholith, the
gabbro belt of Gastil and Jerisky (1973), whose composition becomes
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less basic to the north and east.
Peninsular Baja, from 1060 to 1140 km, is modeled again (as

in model AA') as consisting of a two-layer crust with gravity values

reflecting more of the surface topography. The higher elevations are
in this model again on the eastern side of the peninsula. The batholithic outcrops at 1110 and 1140 km are associated with the peaks of

Sierra San Luis (.6 km) and San Borja (1.25 km) which cause gravity
highs of -50 and +110 mgal

respectively.

The blocks of peninsular Baja with densities of 2. 40 and 2. 20

gm/cc are associated with gravity lows of +15 and +30 mgals respectively. The surface expression of these blocks correspond to the pre-

batholithic metasedimentary belt (Figure 5) and the sediment-filled
northward extension of the Los Angeles Tfrough (Figure 5).

The depth to the mantle under Baja in this section ranges from
20 to 22 km which compares with 20 to 21 km for section AA.

Recently generated crustal sections for other areas of Baja California
(Plawman, 1978; Coperude, 1978; Huehn, 1977) suggest similar depths

to the mantle for most of Baja California.

The rest of this model, from the Canal de Ballenas in the Gulf

of California to the Sierra Madre in Central Sonora, is very similar
to model AA and the same discussion applies. The only exception

is a deeper Canal de Ballenas with a correspondingly lower gravity
value of -70 mgal.
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GEOLOGIC INTEPPRETATION

It is useful and now possible to associate the different blocks

identified in the crustal models with geological material that fit the
calculated physical parameters (velocity, density and magnetization)
and satisfy the documented surface geology and tectonic features of
the region.

Figure 26 represents the geological interpretation of crustal
section AA' (Figure 24). The identification of remanent oceanic mag

netic anomaly 5 beneath the western continental margin of Baja Cali-

fornia implies the existence of an oceanic, landward dipping crust

of Tertiary age under at least part of the margin. This is shown on
Figure 26 as the geologic block labeled 'Tertiary Oceanic Crust".
Correlation of the observed oceanic anomalies, with the revised Geomagnetic Time Scale of Blakely (1974), indicates that these oceanic

crustal layers become older to the west.
Seaward of the Cedros Trench axis the geological model illu.s-

trates the normal three-layer oceanic crust of the Pacific Basin
(Worzel, 1974; Barday, 1974).

The thick trench sedimentary section (Cenozoic sediments in

Figure 26) are most probably turbidites and represent filling of the
trench with sediments being deposited since times prior to Late Miocene time (anomaly 5 time), when subduction at this margin appears
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to have ceased.

Laudward of the trench axis there occurs a transition from
oceanic to continental type geology. The blocks underlying the con-

tinental slope and shelf consist of the Cenozoic sedimentary sections
of northern Vizcaino Bay. The upper layers of sediments were

deposited in Late Cenozoic times, and the lower layers of sediments
(now metasediments) consist of materials accreted to this margin sometime before Late Miocene time when subduction of the Farallon Plate
ceased. Seismic reflection profiles indicate that the upper continental

slope block is characterized by a series of folded or fractured ridges.
Beneath the continental shelf of Vizcaino Bay the sedimentary

section consists of post-orogenic materials deposited from Late
Miocene to Recent time (post-active subduction times) and orogeriic

sediments deposited from Cretaceous to Late Miocene times (times
of active subduction). The boundary between these sedimentary sec-S

tions is shown by an unconformity documented in seismic reflection

line B1B1 (Figure 18). The stratigraphic studies of Mina (1957) for
the landward extension of this part of Vizcaino Bay (Vizcaino Desert

or Baja California Syncline), suggest that the lower Vizcaino Bay
sedimentary section may be as old as Middle Jurassic (Eugenia For
matio n).

Underlying the Cenozoic sediments in Vizcaino Bay there is a

large mass of Franciscan type materials. Gravity, magnetic, and

142

seismic data indicate that this block is a seaward extension of the

same material that forms the bulk of the Western Cape islands and
Vizcaino Peninsula. This blocc designated as "Franciscan Complex'
in Figure 26 includes rocks similar to the rocks of the Franciscan
Type SectionDf Taliaferro (1942), and may include rocks of the Valle
and Eugenia Formations and ophiolites. In this thesis the term Franciscan is used as a general term synonymous with "Franciscan Com-

plex" and includes Franciscan type rocks and rocks analogous to the
Great Valley and ophiolite sequences tectonically juxtaposed in the type
section in California. Franciscan Complex materials are found under
most of Vizcaino Bay. Similar occurrences are found both north
(Bailey and others, 1964; Plawman, 1978) and south (Kilmer, 1968;

Yeats, personal comm., 1977; Coperude, 1978) of this study area,
indicating that most of the western continental margin of the Peninsula

of Baja California is underlain by basement rocks of the Franciscan
Complex. Accretion of this material by any mechanism is responsible
for the seaward growth and development of this continental margin.

The structural truncations indicated by the gravity anomalies and by
the shape of the modeled block, the faulted nature of its upper section

indicated by seismic reflection and magnetic data, the broad range of
geological ages, the metamorphosed nature of sampled materials, and

the presence of oceanic crust underlying this Franciscan Complex,
favor an imbricate thrusting mechanism (e.g. Seely et al., 1974) by

which trench and oceanic materials were transferred to this margin.
Contemporaneous with the accreted slices of the growing Franciscan
Complex there originated both shelf and upper slope basins and the
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slope sedimentary wedge of the western part of this margin. The
eastern basin sediments were deposited on both the Franciscan Complex

to the west and a crystalline block to the east.
The block that underlies part of the continental shelf and forms

the backbone of Baja is interpreted as the "Peninsular Ranges Crystalline Complex". The upper part of this block is the Baja California
Batholith that makes up the Peninsular Ranges north of 28.

00

N. Lat.

Outcrops of batholithic rock occur throughout all of the northern part
of the peninsula east of the Santillari and Barrera Lineament (Figure
5).

The batholith originated during a great intrusive process termed

the "Mesozoic Thermal Event" by Gastil et al. (1975) for northern
Baja. The batholith ages (Krummenacher et al., 1975), from 107 my

on the west side to 6z my on the east side of Baja, indicate a pro-

gressive emplacement from west to east.
"Prebatholithic Volcanics" (Figure 26) and "Quaternary Sedi-

ments" resting upon the "Crystalline Complex' block are inferred
from the surface geology and geological cross sections of Gastil et
al. (1975).
The block underlying the Canal de Ballenas and Angel de La Guarda

Island is interpreted as "Rifted Crust", or an area in which intrusions
associated with spreading activity accompanies the rifting of Baja away
from the Mexican mainland. This generalization is supported by the

presence of low density mantle underlying the rifted crust.

144

The "Rifted Crust" block grades in both east and west directions
to crust of continental type. To the west there is the two layer crust

of Baja, with the lower crust being of oceanic or continental type
according to its tectonic development. The geophysical data of this

study and the corresponding crustal model suggest that the East

Pacific Rise started to be subducted under the western continental
margin of Baja sometime in the Miocene, and that tensional or diver-

gent stresses acted under part of this margin at least until 10 my B. P.
This is indicated by the presence of anomaly 5 superimposed on part
of the suspected induced magnetic expression of the Franciscan block
(Figure 24). There is also the possibility of the oceanic crust being

thrust beneath the margin at a later time due to the southeastward
relative motion of the North American Plate with respect to the

Pacific Plate. Nevertheless due to the fact that the superimposition
of remanent on induced magnetic anomalies seems not to occur for

the near coastal part of the margin (Figure 16), and because spread-

ing rates higher than 1.7 cm/yr are required in order to have a con.tinuous migration of spreading across Baja, it appears that spreading
under the western continental margin of Baja in this study area
stopped 10 my B. P. The appearance of the East Pacific Rise in the

Gulf of California in Pliocene time (Larson et al., 1968) implies a

"jump" of the spreading center as suggested by some authors (e. g.
Atwater, 1970; Atwater and Molnar, 1973). Consistent with the above
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considerations then, a continental type of lower crustal layer is postulated for Baja.

To the east the "Rifted Crust' grades into the continental crust
characteristic of mainland Mexico. This is illustrated by the "Con-tinental Crystalline Complex" underlying part of the Cenozoic sedi-

ments of the Gulf of California, the Quaternary sediments and crystalline protrusions of the Sonora Basin-and-Range and the Tertiary

volcanics of the Sierra Madre Provinces.
The transition zone between the "Rjfted Crust" of the Gulf of
California and the "Continental Crystalline Complex" of mainland

Mexico is placed to the east of Angel de Ia Guarda Island to stress
the fact that in Recent time the transform motion in this part of the

gulf has been shifting from the east to the western flank of this island

and vice versa (Reichie etal., 1976; Sharman et al., 1976; Munguia

etal., 1977).
The geological interpretation of model BB', illustrated in Fig-

ure Z7, differs from the interpretation of model AA' essentially in
the nature of the western continental margin of Baja California.
The presence of a high density block (Z. 86 gm/cc) between

blocks of Franciscan type is interpreted as the intrusion of a gabbroic
body into a well developed Franciscan section. This intrusive body

occurs just to the east of the easternmost extension of Tertiary
oceanic crust associated with sea-floor spreading. The timing of the
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intrusion (earlier than Late Pliocene), as discussed in the section of
this study treating the seismic reflection profiles, corresponds to the
time when spreading activity of the East Pacific Rise occurred be

neath this area. This suggests that the source of this intrusive body
may have been low density mantle material similar to that now found

in the Gulf of California. Marshak and Karig (1977) have suggested

similar causes for igneous activity under the forearc zones of the
Aleutian and Sumatra Arcs.

The different crystalline blocks that were necessary to model
the gravity and magnetic data at the eastern end of southern Vizcaino
Bay (1010 to 1090 km in Figure 25) indicate a grading of the batholithic

lithology, shown by a decrease in gabbro content from west to east

(Gastil et al., 1975). All these blocks are included within the "Crystalline Complex" block for Baja.

In summary, the previously discussed models offer a picture

of the crustal and subcrustal structure of the western continental
margin of Mexico between 27.0° and 30.0° N. Lat. West of Baja

California the interpretation of the crustal structure indicated by the
cross sections shows that indeed this part of the margin may be a
remanent of the forearc zone of a convergent margin. The upper

crust of this margin is characterized by the presence of a Franciscan
block thought to have originated by accretion during periods of active
subductiori.

The lower crust consists of a landward dipping oceanic

crustal block underlying part of the Franciscan block, which is con..
sistent with subduction.

The oceanic crust becomes older to the west

and grades to the east into a lower crustal layer of continental type for
the rest of the margin and peninsular Baja, which suggests subduc-

tion of the East Pacific Rise under this margin and a subsequent halt
to its spreading activity. The existence of anomaly 5 under the continental margin of western Baja California, between 27.0° and 30.00

N. Lat., implies subduction beneath this margin after the time of
anomaly 5. Therefore it requires modification of the timing of events

for this margin as proposed by Atwater (1970) and Chase et al.(1970).
The low-density mantle under part of the Gulf of California indicates

spreading occurs now in the gulf and therefore no actual subduction

is expected for the western margin of Baja. Seismic quiescence for
the western margin of Baja between 27.0° and 30.0° N. Lat. further

supports the passive nature of such margin. The upper crust of
southern Vizcaino Bay includes a high density body intruding

the

Frat-

ciscan material. The intrusion of this body, interpreted as gabbroic,
was probably caused by the East Pacific Rise as it was subducted under

these margins. The actual transition from oceanic to continental crust
in these margins occurs under Vizcaino Bay where depths to the mantle

vary from 9.5 to 20 km. The Peninsula of Baja California consists of

two crustal layers: an upper crustal layer including the Peninsular
Ranges Batholith of northern Baja California, and a lower crustal
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layer, most probably similar to the first standard crustal layer
(2. 85 gm/cc) for continents. The depths to the mantle under Baja
range from 20 to 22 km. The crustal structure of the central Gulf of

California shows a zone of crustal rifting near its western margin.
This zone occurs over a rising mantle of low density. Therefore the

models are consistent with the existence of a short spreading center in
the northern part of the central Gulf of California. The axial zone of
this spreading activity is under Salsipuedes Basin. The transition

from rifted crust to continental crust in this part of the gulf occurs
east of Angel de la Guarda Island. Sedimentary thicknesses in the

gulf reach 3. 5 km east of Angel de la Guarda, and part of them rest
on a crust of continental type. The depths to the mantle in the central

gulf decrease first to 12 km under Canal de Ballenas and then increase
to 23 km under the Sonora coastline. Central Sonora consists of two

crustal layers underlying a melange of sedimentary, metamorphic and
igneous rocks. The depths to the mantle under Sonora increase eastward from 23 to 40 km.
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DEPTH TO THE MAGNETIC BASEMENT

Blakely and Has sanzadeh (1977) recently developed a computer
program called *MAGDEPTH to calculate the depth to 2-dimensional

magnetic sources based on the maximum entropy power spectral
method. The main input parameters of their program are the thick-

ness of an infinitely and randomly magnetized slab, the samplingwindow length and the profile azimuth. They applied this technique

to theoretical data and observed marine anomalies over the PeruChile continental margin. Their results indicate a continuous magnetic

basement extending under the continental slope as expected from zones
of plate convergence.

The magnetic data used in this study consists of magnetic
anomaly profiles that extend from near shore to approximately 50 km

seaward of the Cedros Trench. The discussion of these profiles (pages
87-92, this study) proposes that the anomalies seaward of the Cedros
Trench axis originate from the remanent magnetization acquired by
the oceanic basement during its formation. Crustal model AA' (Figure

24), based on an indirect inversion of potential field data, shows the
oceanic transition layer (magnetic basement) to shallow seaward of

the trench axis and to deepen under the continental slope. In order
to further test the above concepts associated with the depth to the
magnetic basement, program *MAGDEPTH adapted for the NOVA
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Figure 28. Depth to the magnetic basement. Length of bars indicate the 95% limits
of confidence.
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computer system of the OStJ Geophysics Group by Gerald Connard,

was applied to 273 data points of the magnetic profile along line AB1
(Figure 17) shown in Figure 24.

Figure 28 shows the result of this test. The open circles represent depths to the magnetic basement estimated from crustal model
AA1

(indirect method). The darkened circles are the depths to the

magnetic basement obtained with program *MAGDEPTH (direct
method). Seaward of the trench axis and 12 km landward of the trench

axis, tie indirect and directly computed depthsto the magnetic basement are very similar, and correspond to the depths of the top of the
oceanic transition layer. These results further suggest the downward
dipping of the oceanic magnetic basement toward the continent. Land-

ward of the trench axis at 86 km (Figure 28), the modelled and directly
computed depths still show agreement, perhaps due to the fact that the
thickness of the magnetic source under this part of the continental

slope is similar to the thickness of the theoretical slab in which program *MAGDEPTH is based. Landward of 86 km under the upper

continental slope and continental shelf, *MAGDEPTH gives uncertain

results due to variable thicknesses of the magnetic layers and/or to
the presence of more than one magnetic source (contrary to the
assumptions of *MAGDEPTH).
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CONCLUSIONS

Crustal and Subcrustal Structure
The integration of both preexisting and recently acquired geophysical data for the western continental margins of Mexico between

27,0° and 30,00 N. Lat., reveals the structural characteristics of
such margins. The data show major tectonic differences between the

western margin of Baja and the central Gulf of California.

West of the peninsula the gravity, magnetics, seismic, atid

bathymetric data reveal a major northwest trending structure associated with the seaward extension of the Franciscan materiaLs that
form the bulk of the Western Cape islands.

Between 27.00 and 29.50 N. Lat. the gravity, bathymetric and
seismic data is similar to that of known active convergent margins;
there is an outer bending of the deep sea trench (Guadalupe Arrugado)

and a continental basin-filled shelf area. It is however, seismically

quiet which indicates a relict convergent margin nature for this area.
North of 28. 6° N. Lat., the upper crustal structure landward of
the slope begins to be dominated by the tectonism associated with the
Continental Borderland to the north. The western part of the shelf

is occupied by the San Quintin Troagi. Nevertheless a magnetic
anomaly high associated with the trough, implies also the existence

of fractured Franciscan basement underlying the area.
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The upper crustal structure of Vizcaino Bay shows several
important features. West of Guerrero Negro the gravity, magnetic
and seismic reflection data indicate the existence of a gabbroic
intrusive body under the flat-floored southern Vizcaino Bay. North-

west of Guerrero Negro seismic reflection and refraction measurements, and an elongated northwest trending gravity low indicate the

seaward extension of the Baja California 'Syncline', with a sedimentary thickness varying northward from 3.4 to 2. 75.km. Single
channel seismic reflection profiles show northern Vizcaino Bay to

consist of two sedimentary basins separated by a Franciscan
structural high. The sedimentary column for all of Vizcaino Bay
consists of a deformed orogenic section of Late Miocene and older

sediments, separated by an unconformity from a non-deformed
postorogenic section with sediments younger than Late Miocene.

The continental slope, characterized by benches, troughs and

ridges, trends N

350

w between 27.00 and 28.00 N, at which latitude

it curves around Cedros and Benito Islands and changes to a N 25° W

trend.
The trench, which has its most prominent topographic expres-

sion in the whole western margin of Baja California in this study area,

is an arcuate feature that terminates against the Popcorn Ridge at
29. 60 N. Lat. This ridge is the trace of a left lateral fault that offsets

not only the trench, but also the slope and parts of the structures
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laridward of the slope. The offset of the magnetic line ations by this

fault indicates its deep structural nature.
Gravity anomalies alone indicate that the easterumost extension

of the Molokai Fracture Zone, the Shirley Trough, does not disturb
the upper crustal structures of Vizcaino Bay.
Two continental structural line amerits are predominant in the

western margin of Baja between 27,0° and 30.00 N. Lat,: the San

Benito Ridge is the topographic trace of a right-lateral fault that
extends from inland Vizcaino Peninsula to about 29. 50 N. Lat. where it

is offset by the Popcorn Fault. The Santillan and Barrera Line ament,
very conspicuous on land, is a major depositional hinge whose south-

eastward trace through Vizcaino Bay is delineated by the steep
gravity and magnetic gradients found in the area.

The free-air gravity anomalies of the central Gulf of California
are dominated by three main structural line aments, associated with
the fault scarps that mark the zones of transform motion within this
part of the gulf. These structural lineaments form part of the

boundary between the Pacific and North American Plates.

Three

prominent basins in the gulf, the Guaymas, San Pedro Martir and
Salsipuedes Basins, all have corresponding gravity lows, which are
bounded laterally by the above mentioned structural lineaments. The
Guaymas and Salsipuedes Basins are areas of active sea-floor
spreading. These characteristics classify the central Gulf of
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California as an active divergent margin, in contrast with the now
passive nature of the western margin of the peninsula.

Northeast of these gulf structural lirieaments, because of the
presence of basement uplifts and sediment-filled structural troughs,

the upper crustal structure of this part of the gulf is of "basin-andrange" type, in agreement with the extensional origin of the gulf.

The correlation between observed and theoretical magnetic

anomalies for the western margin of Baja California, between 27. 0°

and 30.0° N. Lat, , sIws a total left- lateral offset of the magnetic
lineations of 110 km by the Molokai and Popcorn Fracture Zones

and the existence of remanent magnetic anomalies at least until 70 km
landward of the trench axis. Anomalies can be identified as young
as 10 my B. P.

The northeast bending of the marine magnetic line ations sug-

gests the North American Plate started overriding the East Pacific
Rise sometime between anomalies 5 and 5B times. Subduction

stopped at this part of the western margin of Baja California between
9 and 10 my after the high heat flow of the subducted ridge caused the
intrusion of a gabbroic body in southern Vizcaino Bay. The part of

the Peninsula of Baja California discussed in this study became

attached to the Pacific Plate sometime between 9 and 5 my. B. P.,
when the spreading activity associated with the East Pacific Rise

reappeared in the central Gulf of California.
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The interpretatioriof the crustal models computed in this study
proposes:that: a) the western margin of Baja California is indeed the

remanent of a forearc zone, but has not undergone much subsequent
deformation or erosion; b) the upper crust of this margin consists
of Quaternary and Tertiary sediments, Franciscan-type metamorphic
rock and rocks of the Peninsular Range Batholith; c) the Franc iscan-

type material, originated by metamorphism of trench and oceanic

material accreted to the continent, caused the development and actual
configuration of this margin, d) the actual transition from oceanic to
continental crust occurs under Vizcaino Bay 60-70 km from the trench
axis, e) the Peninsula of Baja California consists of two crustal layers

of continental type, f) the first crustal layer of Baja comprises the

Peninsular Ranges Batholith, which shows some sub-belts character-

ized by an eastward decrease in gabbro content, g) the crustal

structure of the central Gulf of California is characterized by a zone

of crustal rifting near to its western margin, h) a zone of low density
mantle, consistent with the existence of a short spreading center, exists

under Salsipuedes Basin, i) the sedimentary column of the central

gulf consists of Quaternary and Tertiary sediments resting on basements of oceanic and continental types, j) the margin of central

Sonora consists of two main crustal layers underlying a melange of
sedimentary, metamorphic and igneous rocks of the Basin-and-Range

and Sierra Madre Provinces.
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The depths to the mantle for the western continental margins
of Mexico between 27.00 and 30. 0° N. L.at. are, from west to east,

9.5 km for the Guadalupe Arrugado, 13 km under Cedros Trench,

17.5 km under the central area of Vizcaino Bay21 km under the
Peninsula of Baja California, 12 km under Canal de BaLLenas, 25 km

under the coast of Sonora, and 40 km under the Sierra Madre Occidental,
Margin Development

The eastward continuation of progressively younger oceanic

crust beneath the western continental margin of Baja and the finding that

Franciscan materials form most of the upper crust of the same area
have important implications concerning the manner and time of the
margin development.

The age of the oldest Franciscan rocks (Jurassic) documented

for this study area (Minch et al., 1976) agrees with the time when
subduction of the Farallon Plate under the North American Plate
might have started (Atwater, 1970). This suggests that the accretion

of trench and oceanic materials onto the western margin of Baja is a
result of subduction. The interpretation of the structures under this

margin as indicated by seismic reflection and magnetic data, favors
an imbricate thrust mechanism (e. g.

eely eL al. 1974; Kuim and

Fowler, 1974) for accretion. As subduction continued through
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Cretaceous times the margin grew seaward, reaching successive
structural highs at the seaward moving shelf-slope break.

The

deposition of continental derived sediments on this growing margin

should have been accelerated in Late Cretaceous time after the
emplacement of the Baja California Batholith, and should aLso

involve some sediments derived from the emerged lands to the east

during the Jurassic. The stratigraphic studies of Mina (1957) for
the landward continuation of Vizcaino Bay (Vizcaino Desert) show the

Eugenia and ValleFormatioris containing sediments of continental

origin and of Jurassic and Cretaceous ages. Development of the
margin continued until subductiori stopped in the Late Miocene,

sometime after the East Pacific Rise itself was subducted under the
western margins of Baja. The last structural high associated with
accretion in this margin seems to be the aligned topographic highs of

the Vizcaino Peninsula, Natividad, Cedros, arid Benito Islands, and
Ranger Bank. Submerged portions of this high are delineated by

corresponding gravity highs (Figs. 11 and 1). This also places the
emergence of the Vizcaino Peninsula and the Western Cape Islands

in the Late Miocene. As subduction ceased sediments deposited on this
margin were not further disturbed by the accretion mechanism. This
conclusion is supported by the presence of an unconformity older than

Pliocene time separating the orogenic from postorogenic sediments

in the seismic reflection lines used in this study. In southern
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Vizcaino Bay the migration of the ridge under the margin caused,
between Late Miocene and Late Pliocene times, the intrusion of a
large gabbroic body, which must have widened the margin at these

latitudes.

From Late Miocene time to Recent time this margin has not
grown by accretion. Instead it has become part of the Pacific Plate,

together with the rest of Baja, as the East Pacific Rise reappeared
in the Gulf of California. The San Benito Fault, a right-lateral shear
zone within Franciscan materials, may be the result of a major
northwest shear zone developed during the welding of Baja to the

Pacific Plate, as the spreading changed from an east-west to a northwest-southeast direction. This margin then represents the remanents
of the forearc zone of an active convergent margin, with the former
active trench zone (still with topographic expression), being slowly
filled.

It is important to notice that this remanent forearc is still not
as eroded and deformed as other relict convergent margins of the
world (Suppe, 1970; Blake et al,, 1974), perhaps indicating that

tectonism is more concentrated to the north of this study area, in the
Continental Borderland of southern and Baja California.
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Basement Maos

Figure 29 presents the distribution of basement material within
27.00 and 30,00 N. Lat, for the western continental margin of Baja
California. Oceanic basement is inferred from the seismic refraction

stations west of the Cedros Trench and the existence of oceanic

remanent magnetic anomalies.
The Franciscan type of basement predominates landward of the
Cedros Trench to the Santillan and Barrera Lineament.. This basement

is characterized by the positive gravity high associated with the
Western Cape region, by the magnetic anomalies over the San Quintin

Trough, by correlation of the crustal models for northern and
southern Vizcaino Bay, and by reported dredged materials west of
Punta Baja (Doyle and Gorsline, 1977). The igneous basement for part

of southern Vizcaino Bay is inferred from the unusual positive gravity

high, from the seismic reflection line CC' and from crustal model
B1B1'.

East of the Santillan and Barrera Lineament the basement

becomes of continental type as suggested by the crustal sections and
indicated by the surface geology of Baja at these latitudes.

Figure 30 presents a basement map for the central Gulf of
CaLifornia. Here only two type of basements are found: oceanic and

continental,
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The areal distribution of oceanic basement is inferred from
the location of two spreading centers in the area, delineated and
bounded by gravity lows and structural lineations respectively, and

the geological crustal models of this study.
The continental type of basement is inferred mostly from the

seismic refraction studies of Phillips (1964) and from the geo'ogical
crustal models of Figures 26 and 27.
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