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GRAVITY SURVEY AND REGIONAL GEOLOGY OF THE SAN DIEGO EMBAYMENT,
SOUTHWEST SAN DIEGO COUNTY, CALIFORNIA®*

William J. Elliott, Southern California Testing Laboratory Inc.,
San Diego, California

INTRODUCTION

During the summer of 1963, a regional study of the Peninsular Ranges batholith
was undertaken by Dr. R. Gordon Gastil, Dr. E. C. Allison, and students at San Diego
State College and the Universidad Autonoma de Baja california (Ensenada). Along with
areal mapping, a regional gravity survey was continued over several summers. The pur-
pose of this survey was to provide additional information regarding the nature of the
Peninsular Ranges batholith and its relationship with surrounding sedimentary and meta-
morphic rocks. Because of poor horizontal and vertical elevation control in Baja Cali-
fornia, the gravity survey was started in San Diego County where U.S.G.S. topographic
maps and U.S.C.&G.S. level lines provided adequate control. During subsequent summers
in Baja California, altimeters, student transit surveys and a small number of bench-
marks were used for vertical control. Thirty-three degrees north latitude was chosen |
as the northern boundary for the survey which would eventually reach far south into
Baja California. The author worked primarily in western San Diego County with some
reconnaissance lines extending east into the Peninsular Ranges and south into Baja
California. This paper covers only work done in the San Diego and La Jolla quadrangles
and in the western third of E1 Cajon and Jamul quadrangles (Fig. 1).

The purpose of this paper is to present the results and interpretation of grav-
ity and geologic studies to determine (1) the depth and configuration of the basement
surface (pre-Upper Cretaceous), and (2) the thickness and extent of sedimentary forma-
tions in the San Diego area. Interpretation was done in two phases., First, a basement
map was constructed using the simple Bouguer gravity map, available well data and sur-
face geology (Figs. 2 and 3; see Weber, 1963, for geologic map). Second, isochore maps
of the Upper Cretaceous Rosario Formation and the total Eocene formations were con-
structed using the basement map as a base, formation thicknesses from wells and surface
geology (Figs. & and 5). Finally, three east-west structure sections were constructed
to illustrate the vertical geology in the San Diego Embayment (Fig. 6).

PREVIOUS WORK

Prior to 1963, no gravity mapping had been completed in the immediate area of
this investigation. The reader is referred to gravity papers in surrounding areas for
further information: Biehler (1965), Chapman (1966), Harrison et al. (1966), Kovach
et al. (1962), McCulloh (1960), Slyker et al. (1966), and Worzel and Harrison (1963).
Unpublished senior thesis gravity projects have been completed in the San Diego area

by students at San Diego State College (Mattick, 1961; Bjerregaard, 1962; Elliott,
1964; and Slyker, 1964).

For previous geologic papers in this area the reader is referred to Weber
(1963) for a comprehensive bibliography and to other papers in this guidebook.

GEOLOGIC SETTING

The area of investigation lies in the northwestern portion of the Peninsular
Rangés Province of Southern California. Three west to east physiographic-petrographic

*Supported by NSF Grant No. GE-1209; this paper is an expanded version of a talk pre-
sented to the AAPG-SEPM at Long Beach (Elliott, 1966).
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divisions can be recognized in the province: (1) coast marine sedimentary rocks, (2)
foothill volcanic, plutonic and metamorphic rocks, and (3) central plutonic and meta-
morphic rocks., Together, these divisions comprise the westward tilted fault block
which represents the regional structure (Gastil, 1961, p. 1-3; Hinds, 1952, p. 197-215).

Lower Cretaceous Alisitos sedimentary and volcanic rocks, Upper Jurassic San-
tiago Peak volcanic and sedimentary rocks (Fife et al., 1967) and older sedimentary
rocks of the Julian Schist series are metamorphosed folded and faulted as consequences
of the Middle Cretaceous (130-105 m.y., Bushee, et al., 1963) Peninsular Ranges orogeny.
Upper Cretaceous sedimentary rocks of the Rosario Formation rest on an irregular topog-
raphy formed by deformed and eroded crystalline rocks of Lower Cretaceous and older for-
mations (Peterson and Nordstrom, 1970; contributions of this guidebook). Eocene mud-
stones, sandstones, and conglomerates overlie Rosario and underlying rocks with marked
disconformable and nonconformable distinctions but generally with slight angular dis-
cordances. Pliocene and Pleistocene strata are even less deformed (Weber, 1963; Thomas,
1961).

THE GRAVITY SURVEY

Three hundred and eighty-eight gravity stations were occupied in the study area
(Fig. 1) with a student model Worden gravity meter. Sixty-five of these statioms in
the La Jolla-Del Mar area were metered by Bob Slyker (1964) for his senior thesis. One
to two mile station spacing was maintained over most of the area except in some remote
eastern parts where control was limited by access roads. Gravity stations are not
shown on the Bouguer Map (Fig. 2), small circles shown are abandoned oil wells. All
stations were tied to gravity station WA-85 at Lindbergh Field, San Diego (Behrendt and
Woollard, 1961; Chapman, 1966).

The gravity data were reduced to a mean sea level datum by standard methods
found in Dobrin (1960), Jakosky (1957) and Nettleton (1940). Corrections were made for
drift, elevation and latitude. Terrain corrections at selected stations were generally
less than one milligal and were therefore not computed for most of the area..

Within the study area, three different elevation factors (k) were used for
smaller individual senior thesis areas., Bob Slyker (1964) used k = 0.0648 (2.3 gm/cc)
and computed terrain corrections for all of his stations in the La Jolla-Del Mar area.
The author (1964) used k = 0.066 (2.2 gm/cc) in the San Ysidro area and did not compute
terrain corrections. Throughout the remainder of the area k = 0,060 (2.67 gm/cc) was
used and terrain corrections were not computed. Data from all three k factor reductions
were integrated together onto one Bouguer Gravity Map (Fig. 2). Different k factors
within the mapped area were easily joined together to form Figure 2 because of low
station elevation and wide spacing; contour shapes remained nearly constant.

Data reduction was carried out to 0.1 mgals with a probable maximum cumulative
error of 0.5 mgals per station due to instrument, elevation and latitude errors. Orig-
inal Bouguer map contouring was at 2.0 mgals and re-drawn at 5.0 mgals for this presen-
tation and regional interpretation.

Rock density information in the San Diego area is sparse. Crystalline plutonic
and metamorphic basement rock densities were .assumed to be 2.67 gm/cc (Nettleton, 1940,
p. 101). Pre-batholith Santiago Peak meta-volcanic rock densities measured by the
author averaged 2.80 to 2.85 gm/cc. Density data were not available for Upper Creta-
ceous, Eocene and Plio-Pleistocene sedimentary rocks, however, densities of 2.4, 2.3,
and 2,2 gm/cc respectively can be reasonably assumed (Nettleton, 1940, p. 101, and
Jakosky, 1957, p. 264-266). Density contrasts, actually used in gravity calculatlons,
were found to range from 0.3 to 0.6 gm/cc for good agreement with known geology.

The simple Bouguer gravity map shows several prominent features and trends
(Fig. 2). An estimated -1 to -3 mgal/mile easterly regional gradient was not removed.
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Figure 1. 1Index map showing the area covered by the gravity survey and regional geo-
logic study of the San Diego Embayment, southwest San Diego County, California. Struc-
ture section locations A-A', B-B', and C-C', and the four post-batholith structural-
stratigraphic blocks: Point Loma, La Jolla, San Diego Mesa, and Kearney Mesa are shown.

Figure 2. Simple Bouguer gravity map. 388 gravity stations at 1 to 2 mile spacing,
contoured at 5 mgals. Minimum anomalies in northwest and southwest parts of the map
are caused by Upper Cretaceous and Cenozoic sedimentary rocks; minimum anomalies in the
northeast and southeast part of the map are caused by rooted sialic batholith complex
‘rocks. Small circles are abandoned dry oil wells,
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Sufficient relief appeared to be present on major features to make regional interpreta-
tions. In general, gravity contours trend north-northwest subparallel to surface geo-
logic units and the Peninsular Ranges (Figs. 2, 3, 4, and 5). Minimum gravity anomalies
over sialic batholith rocks exposed in the northeastern portion of the area are at

least -26 mgals and decrease to -70 mgals several miles to the east near the center of
the Peninsular Ranges batholith (not shown on Fig. 2). Minimum anomalies such as this
indicate that the Peninsular Ranges batholith has sialic roots. Through the central
portion of the map along the belt of dense (2.85 gm/cc) Santiago Peak meta-volcanic
rocks, an undulating contour pattern and small positive anomalies occur over larger
Santiago Peak meta-volcanic exposures. This area represents a transition zone between
crystalline basement rocks to the east and sedimentary rocks to the west. Near Del Mar,
in the northwest corner of the area, a gravity minimum shown by the open -15 mgal con-
tour decreases to -19 mgals near the center and appears to be opening up to become more
negative offshore. This gravity minimum is due to less dense sedimentary section.

Near shore and estuarine Eocene formations in the Del Mar area may be the southeastern
edge of a much larger basin extending northwestward, offshore. In the San Diego Bay
area the broad northwest trending -36 mgal minimum anomaly is due to a 16,000 foot deep
sedimentary basin. A recently drilled well (1962) near the south end of San Diego Bay,
penetrated approximately 530 m (1,750 ft.) of Pliocene, 610 m (2,000 ft.) of Eocene,

and 460 m (1,500 ft.) of Upper Cretaceous sedimentary rocks before pemetrating probable
Santiago Peak meta-volcanic rocks at about 5,250 feet. This basin probably represents
the onshore edge of a much larger and deeper offshore sedimentary basin extending west-
ward, At La Jolla and Point Loma, in the west central part of the area, near zero and
+4 mgal contours represent positive anomalies over exposed Upper Cretaceous rocks as
well as a positive offshore gradient toward the continental borderland. The steep 9
mgal/mile gradient just east of Point Loma at the north end of San Diego Bay probably
represents a fault contact between Upper Cretaceous and younger sediments, and is prob- ,
ably the southward extension or a branch of the Rose Canyon fault in the La Jolla area
(Figs. 4, 5, and 6). !

INTERPRETATION OF THE SAN DIEGO EMBAYMENT

A generalized interpretation of the San Diego Embayment is based on the newly
completed Bouguer gravity map, well data, and surface geology. Well data comes from
published sources (Hertlein and Grant, 1939; and Jennings and Hart, 1956; California
Division of 0il and Gas open files; and oral communication with well owners). Surface
geology was obtained from Weber (1968), Strand (1962) and others.

Three maps and structure sections (Figs. 3, 4, 5, and 6) illustrate the general
configuration of the basement surface, and thickness and distribution of the Upper
Cretaceous and Eocene sedimentary formations. Intersecting structure sections provide
consistent 3-D interpretation. The basement surface map, constructed first, is based
on surface geology, 19 wells believed to have penetrated basement, and Bouguer gravity
to add shape and depth in uncontrolled areas (Fig. 3, control wells not shown). An iso-
chore map of the Upper Cretaceous Rosario Formation, constructed next, employs the
basement structure contour map (Fig. 3) as a base and adds thicknesses of Upper Creta-
ceous sedimentary rocks found in outcrop and in wells (Fig. 4, control wells not shown).
An isochore map of Eocene formations, constructed third, uses intermediate structure
map on top of basement-Upper Cretaceous as a base and adding the thicknesses of Eocene
sedimentary rocks found in outcrop and wells (Fig. 5, control wells not shown). Finally,
three east-west structure sections constructed from the foregoing maps show vertical
dimensions (Fig. 6). Note that gravity is used only to determine basin depth and shape
and not thicknesses or extent of individual units within the basin. The principal grav-
ity contrast is between basement and overlying sedimentary rocks; individual density
contrasts within the sedimentary section are relatively weak.

A combiged basement outcrop and structural contour map (Fig. 3) outlines a base-
ment surfa?e which dips gently beneath a westward thickening wedge of Upper Cretaceous
and Cenozoic strata. That surface has a maximum depth of about -1800 m (-6000 ft.)
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Figure 3. Structural contour map on top of basement formations, crystalline batholith
complex and Santiago Peak meta-volcanic rocks. The basement surface dips westerly and
reaches a depth of 6,000+ feet at the southwest end of San Diego Bay. This paleo-
topography affected lithology and distribution of subsequent sedimentary formatioms.

Figure 4. Isochore map of the Upper Cretaceous Rosario Formation. The formation
thickens westward from a zero depositional edge to about 4,000 feet where it is exposed
at Point Loma and La Jolla, Primary structures at Point Loma and La Jolla indicate a
west to northwestward direction of tramsport and paleoslope.
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southwest of San Diego Bay and shallows to -900 m to -1200 m (-3000 ft. to -4000 ft.)

under Point Loma and La Jolla. Prominent features within the map area include a south-
westward trending high under Mission Bay and a westward trending ridge along Los Pefias-
quitos Canyon. Santiago Peak volcanics crop out along the trend of the latter feature.

These basement features mark and separate subareas with slightly different his-
tories and have influenced the lithology and distribution of overlying sedimentary for-
mations. The southwestern depressed area has repeatedly or continuously subsided since
the Late Cretaceous, receiving up to 1800 m (6000 ft.) of mostly marine sediments while
relatively stable areas northward and eastward have received less than 1000 m (3000 ft.)
of sediment. Basement highs in the vicinity of Los Peniasquitos Canyon roughly corres-
pond to the southern boundary of a large area of non-marine and marginal marine Eocene
units, including the distinctive Torrey Sandstone and Delmar Sandstone.

The isochore map of the Upper Cretaceous Rosario Formation (Fig. 4) shows a 3
to 9 km (2 to 6 mi.) wide belt with a north-northwesterly trend. Its eastern zero edge
forms the irregular western margin of a parallel belt of Santiago Peak basement rocks
(Fig. 3). A Late Cretaceous shoreline was situated approximately parallel to and a few
kilometers east of the present coast. Upper Cretaceous sections thicken westward toward:
Point Loma and La Jolla where they attain thicknesses to 1200 m (4000 ft.). Outcrop
sedimentologic data there support this paleogeographic interpretation (Maytum and Elliot-
this guidebook). Upper Cretaceous rocks also are exposed on the sea floor and near
Oceanside (Strand, 1962). The Rose Canyon Fault (Fig. 4) separates uplifted and deforme
Upper Cretaceous and younger strata along the coast from nearly flat lying Eocene and
younger strata exposed inland.

The isochore map of the Eocene formations (Fig. 5) includes the La Jolla Forma-
tion and Poway Conglomerate. Thicknesses and distributions of Eocene units are var-
iable and irregular, ranging from a zero edge along the eastern part of the map to 760
m (2500 ft.) in the San Diego Bay area. Zero edges also occur at Point Loma and La
Jolla where recent uplift and erosion has exposed underlying Upper Cretaceous rocks.
Inland and south from Mission Valley, Eocene strata dip under Plio-Pleistocene strata
and are encountered in wells near the south end of San Diego Bay at about -520 m (-1700
ft.) below sea level.

Relationships between and within major rock stratigraphic units above the crys-
talline basement are shown in 3 east-west structural sections (Fig. 6) across northern
(A-A'), central (B-B'), and southern (C-C') parts of the map area. A westward dipping
contact between Santiago Peak volcanic rocks and batholithic rocks is suggested. An ab-
sence of Miocene and other parts of the onshore post-Cretaceous stratal record offers
interesting possibilities for hydrocarbon accumulations in offshore areas of up dip ter-
minations of these missing sections.

CONCLUSIONS

Bouguer gravity minimum anomalies along the west side of the map delineate the
shape and size of an Upper Cretaceous-Cenozoic embayment which is deepest and best deve:
oped in the San Diego area. North-northwest trending maximum anomalies through the cen-
ter of the map mark the eastern edge of Upper Cretaceous-Cenozoic deposition and follow
the discontinuously exposed belt of Santiago Peak meta-volcanic rocks. Minimum anom-
alies along the eastern part of the map are over the western edge of the sialic crys-
talline batholith rocks. Structural contours on top of the Santiago Peak and’ crystal-
line batholith basement rocks show an irregular west dipping north-northwest trending
surface. Paleotopographic irregularities on this surface have controlled the extend
and distribution of younger formations. Upper Cretaceous rocks trend north-northwest
and are confined to a narrow onshore belt which thickens westward from a zero shoreline
to about 4000 feet in the La Jolla-Point Loma areas. Eocene rocks are more widely dis-
tributed to the east than are Upper Cretaceous rocks and fill many of the irregularitie
and estuaries in the older topography. Eocene sections reach a maximum thickness of
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Figure 5. 1Isochore map of the Eocene formations, La Jolla Formation and Poway Conglom-
erate, The Eocene thickens westward from an irregular depositional edge to 2,500+

feet around San Diego Bay. Zero erosional edges occur at Point Loma and La Jolla where
Upper Cretaceous is exposed. Eocene rocks crop out in the north part of the area and
are found at about -1,700 feet in deep wells near the south end of San Diego Bay.

Figure 6. East-west structure sections showing vertical view in the northern, A-A',
central, B-B', and southern C-C' part of the area. Upper Cretaceous rocks are re-
stricted to the western part of the area. Eocene rocks were deposited over most of
the area and buried by Pliocene sedimentary rocks to the south,

18
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;bout 600 m (2000 ft.) in the San Diego Bay area and thin to a depositional zero east-
ward. Up to 760 m (2500 ft.) of marine Pliocene rocks are found in the San Diego Bay
area and only a thin veneer of Pleistocene rocks mantles older formations to the north
and east, East-west structure sections illustrate the eastward thinning and shoreline
locations of Late Cretaceous and younger formations and the possibilities of updip strat-
igraphic hydrocarbon accumulations. Miocene rocks which occur on the Coronado Islands
offshore to the southwest pinch out or are faulted out before reaching the San Diego
Area.

The San Diego area can be divided into four distinct post-batholith structural
blocks separated by an east-west hinge line through Mission Valley, and the north-south
trending Rose Canyon Fault. Each block has had a distinctly different structural and
sedimentary history. West of the Rose Canyon fault, sedimentary rocks have been up-
lifted, tilted and folded whereas to the east little or no deformation has occurred.
South of the Mission Valley hinge line, thick sediments have accumulated on a sinking
block, while north of the hinge line, thinner sediments have accumulated on a stable
block. The northwest La Jolla block has been uplifted, folded, faulted and eroded ex-
Posing Upper Cretaceous and Eocene rocks. The southwest Point Loma block, separated
from the ILa Jolla block by synclinal Mission Bay, has been uplifted, tilted eastward and
eroded exposing Upper Cretaceous and Eocene rocks. It is unlikely that any significant
Pliocene deposition occurred on either of these two blocks, although a Pleistocene
veneer covers much of these areas., The southeast San Diego block has received about
600 m (2000 ft,) each of Upper Cretaceous, Eocene, and Pliocene sedimentary rocks and
probably has been sinking more or less continuously since the Late Cretaceous. Across
the Mission Valley hinge line, the northeast Kearney Mesa block has remained relative-
ly stable and has received only about 300 m (1000 ft.) of Eocene sediment and a thin
veneer of Pleistocene sedimentary rocks. Batholith and older rocks along the eastern
part of the area form a block which has been relatively stable throughout most of Upper
Cretaceous and Cenozoic depositional time. For the last 100 m.y. or so, the San Diego
area has remained at the eastern edge of the San Diego embayment.
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