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GEOLOGY OF THE KETTLEMAN HILLS OIL FIELD, CALIFORNIA
STRATIGRAPHY, PALEONTOLOGY, AND STRUCTURE

By W. P. Woopring, RaLpa StewarT, and R. W. RicuARDs _

ABSTRACT

The Kettleman Hills oil field came into prominence in 1928,
when the completion of the discovery well indicated a rich supply
of oil and gas in a region that had long been considered pros-
pective oil territory. The Kettleman Hillg, 30 miles long and 4
to 5§ miles wide, consist of three northwestward-trending anti-
clines—North Dome, Middle Dome, and South Dome—which
" lie in echelon alinement along the west side of southern San
Joaquin Valley. Although a part of the foothills of the Coast
Ranges, they are separated from the mountains by the synclinal
Kettleman Plain. South Dome is the northern part of the anti-
cline that is overlapped by the alluvium of San Joaquin Valley.
Ten miles southeast of South Dome, Lost Hills rise above the
alluvium either as a part of the same anticline or as another one
of the anticlines in a line extending southeastward from Anti-
cline Ridge in the Diablo Range through the Kettleman Hills.

Stratigraphy and paleontology of exposed formations.—The ex-
posed strata and those penetrated by wells have a thickness of
about 14,000 feet and range in age from Pliocene and Pleisto-
cene (?) to Eocene. Those exposed at the surface have a thick-
ness of about 6,000 feet and are of Pliocene and Pleistocene
(?) age. They represent in descending order the Tulare, San
Joaquin, and Etchegoin formations. The Tulare formation has
an exposed thickness of 1,700 to 3,500 feet. It is nonmarine
and consists principally of sandstone and conglomerate and
toward the base of fine-grained rocks in which fresh-water
mollusks and fresh- and brackish-water diatoms are abundant.
The San Joaquin formation has a thickness of 1,200 to 1,800
feet. It consists of silt and clay, in most of which marine fossils
are apparently absent, alternating with silt, sandstone, and con-
glomerate, many strata of which contain marine fossils. Four
marine faunal zones in the San Joaquin formation, the conglom-
erate at the base of the formation, and other less persistent litho-
logic and faunal units were mapped. The Pecten zone, a little
above the middle of the formation, is the most widespread and
most readily recognized. The San Joaquin formation is divided
at the base of the Pecten zone into an upper and a lower part. The
base of the San Joaquin formation is drawn at the base of the
Cascajo conglomerate member. It is suggested that the Cascajo
conglomerate is to be correlated with a conglomerate that lies
unconformably on Miocene shale along the southwest border of
San Joaquin Valley near McKittrick. The Pecten zone and
Cascajo conglomerate correspond probably to marine zones rec-
ognized in the subsurface section of southern San Joaquin Valley
and appear to represent the most extensive marine invasions
during San Joaquin time. The exposed part of the Etchegoin
formation has a thickness of about 700 feet in North Dome and
an estimated exposed thickness of about 600 feet in Middle
Dome. Apparently a considerably greater thickness, estimated
as 1,800 feet, is represented in South Dome. With the exception
of fresh-water beds near the top of the formation in North Dome,
the Etchegoin consists of marine deposits, principally sandstone,
conglomerate, and silt. Five faunal zones were mapped in the
Etohegoin of North Dome. The structure contour lines showing

the structure of the exposed formations are drawn on the Lit-
torina zone, the highest of the five zones in North Dome, and
its essential equivalent—the Pseudocardium-Anadara zone—in
Middle and South Domes. One faunal zone and several gen-
erally discontinuous lithologic units in the Etchegoin formation
were mapped in both Middle and South Domes, where fossils
are relatively rare.

Volcanic debris is abundant in the exposed formations with
the possible exception of the upper part of the Tulare formation.
The material examined by M, N. Bramlette has the composition
of augite andesite, hornblende andesite, and hypersthene andes-
ite. A partial chemical analysis of a pumice tuff from the
upper part of the San Joaquin formation indicates that it is
dacitic. The Lassen Peak district at the south end of the Cas-
cade Range in northern California and the region in the Coast °
Ranges north of San Francisco Bay appear to be the most likely-
source of this volcanic material. Most of the coarse-grained
sandstones in the Etchegoin formation and in the basal part of
the San Joaquin formation are characterized by a blue color due
to a film of undetermined composition on the grains. Accord-
ing to Bramlette the film is probably a chloritic or clay mineral,
and he suggests that there may he a relation between this min-
eral and tuffaceous material of the composition of hypersthene
andesite, which appears to be characteristic of the blue sand-
stones.

Sand dollars (echinoids) of the genus Dendraster are perhaps
the most abundant of the stratigraphically important fossils in
the San Joaquin and Etchegoin formations. The D. gtbbsit
group, which is characterized by a markedly eccentric apical
system, occurs in the Etchegoin and in the lower part of the
San Joaquin; the D. coalingaensis gronp, which has a less eccen-
tric apical system, is abundant in the upper part of the San
Joaquin. The D. coalingaensis group also occurs in the lower
part of the San Joaquin, and one member of the group is found
in the upper Pseudocardium zone in the upper part of the Etche-
goin. Merriamaster, treated as a subgenus of Dendraster, is
characterized by inflated margins of the test, large spine bases,
and open petals. Sand dollars assigned to Merriamaster were
found only in the upper part of the San Joaquin formation.

The Actla zone faunsa in the upper part of the San Joaquin
formation lived probably in deeper water than any other fauna
in the San Joaquin or Etchegoin formation. The upper Mya
zone—the youngest of the marine zones in the San Joaquin—
represents probably less saline water than the other marine
zones. During the deposition of the Pecten zone of the San
Joaquin formation the water was apparently warmer than dur-
ing the deposition of the other zones and also was apparently
warmer than the present coastal water north of Point Concep-
tion. Perhaps the inland San Joaquin Valley sea may have
joined the open ocean south of Point Conception during the
deposition of the Pecten zone and north of Poin’t Conception at
other times. Arnold and other writers considered certain species
from the upper Mya zone and other beds indicative of cold .
water, It is more probable that these forms indicate estuarine
conditions.
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The Tulare formation is assigned to the upper Pliocene and
Pleistocene (?), the San Joaquin formation to the upper Pliocene,
and the Etchegoin formation to the middle Pliocene. Princi-
pally on the occurrence of Merriamaster the part of the San
Diego formation exposed at Pacific Beach, near San Diego, is
correlated with the San Joaquin formation. Strata in the east-
ern part of the Ventura Basin that have been correlated with
the Pecten zone of the San Joaquin are considered older, more
probably the equivalent of the Etchegoin.

Stratigraphy and paleontology of formations peneirated by wells
and exposed nearby.—The unexposed part of the Etchegoin for-
mation and the underlying Jacalitos formation are not differen-
tiated in the subsurface section. The undifferentiated Etchegoin
and Jacalitos have a thickness of 3,600 to 4,500 feet and consist
chiefly of sandy shale, clay shale, and sand. The Jacalitos for-
mation, which is assigned to the lower Pliocene, is underlain by
the upper Miocene Reef Ridge shale—the caving shale or heav-
ing shale of drillers. The Reef Ridge shale has an average thick-
ness of 500 feet and is made up of shale, sandy shale, and tuffa-
ceous sand. Foraminifera from the subsurface Reef Ridge shale
and from the lower part of the formation at the foot of Reef
Ridge, along the mountain front west of the Kettleman Hills,
are referred by R. M. Kleinpell to his Bolivina obligua zone.
After passing through the Reef Ridge shale wells enter a hard
siliceous shale representing a type of Miocene lithology charac-
teristic of the Monterey shale of the Coast Ranges. This shale,

" which is called the brown shale by drillers and is here designated
the McLure shale member of the Monterey shale, has an average
thickness of 1,300 feet in North Dome and thickens southward
to 2,500 feet in South Dome. Near the base of the McLure shale
one to three beds of bentonite have been found in most wells.
Bentonite of the same character also occurs near the base of the
McLure at the outcrop on Reef Ridge. The bentonite is readily
recognized in core and ditch samples and is used as a key bed.
Foraminifera from the basal part of the McLure shale exposed
on Reef Ridge are assigned by Kleinpell to a horizon in the
lower part of the upper Miocene of current Coast Range chro-
nology. This horizon is identified 3,500 to 4,000 feet below the
top of the 7,000-foot section of Monterey shale on Chico Martinez
Creek, along the front of the Coast Ranges 40 miles southeast
of the Kettleman Hills.

The oil-bearing Temblor sandstone, which has a thickness of
about 2,000 feet and is considered of lower and middle Miocene
age, underlies the McLure shale. It consists of productive zones
of sand and sandy shale and barren zones of shale, shaly sand,
and sand. In North Dome the following productive and barren
zones are recognized. The productive zones are numbered in

~ consecutive order downward.

Driller’s names used for subdivisions of Temblor sandstone in
North Dome

Fourth zone.

Lower variegated zone.
Fifth zone.

Felix siltstone.
Whepley shale.

Sixth zone.

First zone.

Upper variegated zone.
Second zone.

600-foot shale.

Third zone.

800-foot shale.

The lower part of the First zone is characterized by the abun-
dance of serpentine and the green garnet uvarovite and is
designated the serpentine zone by Bramlette. This zone and
probably also the underlying upper variegated zone are the equiv-
alent of the Big Blue serpentinous member at the top of the
Temblor sandstone exposed on Anticline Ridge, northwest of the
Kettleman Hills. On the basis of its Foraminifera the 600-foot
‘shale is correlated by R. M. Kleinpell with the Gould shale,
which represents his Siphogenerina brannert zone. The Gould
shale is the lowest member of the 7,000-foot section of Monterey
shale exposed on Chico Martinez Creek. According to this

correlation and the correlation of the basal part of the McLure
shale, the part of the Temblor sandstone in the Kettleman Hills
subsurface section overlying the 600-foot shale is the equivalent
of a considerable thickness of Monterey shale in the Chico
Martinez Creek section, for it is improbable that there are dis-
continuities of any magnitude in either section. A thin mineral
zone, designated by Bramlette the orthoclase-anhydrite zone,
occurs at the top of the Fifth zone and apparently also in the
lower part of the lower variegated zone. Most of the Fifth
zone represents Bramlette's andesitic sand zone, characterized in
the well material by the abundance of hornblende and by the
presence of other ferromagnesian minerals.

Several wells in North Dome have been drilled through the
Temblor sandstone into the Kreyenhagen shale, which has a
thickness of 1,000 to 1,150 feet. The Kreyenhagen shale is a
shale of Monterey type. At the outcrop it is of Eocene age or
of Eocene and Oligocene age. As the age relations of the
Kreyenhagen in the Kettleman Hills subsurface section are un-
certain, it is designated Oligocene (?) and Eocene. Deep wells
at the extreme north end of North Dome penetrated the Kreyen-
hagen shale and entered the McAdams sand, which may repre-
sent the middle Eocene Avenal sandstone of the Reef Ridge out-
crop section.

Structure.—North Dome is much longer and 400 feet higher
structurally than Middle Dome. South Dome is evidently part
of an anticline that is wider than North and Middle Domes.
As the structure of South Dome is interpreted, it is 800 feet
higher structurally than North Dome. The southward extent
of South Dome is uncertain owing to the overlap of alluvium,
but South Dome may be the north end of the Lost Hills anticline
structurally the highest part of which is about 10 miles south of
South Dome.

Two sets of normal faults are recognized in North Dome: (1)
strike faults that are about parallel to the strike of the strata,
and (2) diagonal faults that in general trend slightly east of
north at angles of about 60° to thestrike of thestrata. Thefaults
of both sets have average dips of about 60°. The strike faults
have displacements ranging from a few feet to about 300 feet.
Most of the strike faults dip toward the axis of the anticline.
Striae observed on a few strike-fault planes are almost invariably
parallel to the dip of the fault planes. The axis of the middle
part of the anticline lies in a complex fault trough limited by
strike faults. The diagonal faults have displacements of less
than 100 feet. Most of the diagonal faults on and near the
plunging ends of the anticline dip in the direction of plunge.
In the central part of the anticline, where the axis is essentially
horizontal, eastward- and westward-dipping diagonal faults are
about equally numerous. The trend and angle of inclination of
striae were measured on many diagonal faults. With only a
few exceptions the striae are oblique to the strike and dip of the
fault planes, lie at angles of about 60° to the strike, and are
inclined toward the axis of the anticline.

Middle Dome consists of three parts, the main part and a
faulted minor dome at each plunging end. The axis of the anti-
cline is bent sharply between the middle part and each of the
minor domes. Most of the faults in Middle Dome are roughly
radial or slightly diagonal. Strike faults were recognized only
near the ends of the anticline close to the base of down-faulted
wedges that point toward the concave sides of the bends in the
axis. The strike faults dip toward the axis of the anticline.
The radial and diagonal faults have the greatest displacement
at the border of the down-faulted wedges or in wedges in the
minor domes, the maximum displacement being generally about
150 feet. On the east limb most of the radial and diagonal
faults in the central part of the anticline and in the area ad-
joining the minor dome at the north end dip westward; most of
those on the west limb as far south as the minor dome at.the
south end dip eastward.
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In South Dome only minor diagonal or approximately radial
faults were recognized. The axis of the anticline appears to rise
southward as far as the south end of the hills.

The deformation of the Kettleman Hills is attributed to
north-south compression applied to a northwestward-trending
zone of weak strata in which echelon anticlines were formed.
The upward squeezing of incompetent material lifted and folded
the strata; the faulting is attributed .to shearing that accom-
panied differential vertical stresses in competent strata overly-
ing the rising incompetent material. The strike faults of the
fault trough of North Dome formed after the strata had been
lifted above the levels of direct influence of the north-south
compression, but inasmuch as they dip toward the axis of the
anticline there was evidently enough compression on the flanks
to localize the movement on such faults. The diagonal faults
appear to have been formed before the strata had been raised
entirely above the levels of the effect of the north-south com-
pression. The oblique striae of the diagonal faults appear to
have been formed in a stage intermediate between the forma-
tion of the diagonal and the strike faults. Greater pressure on
the flanks of Middle Dome than of North Dome may account
for the absence of an axial fault trough in Middle Dome and for
the general strike of the faults almost at right angles to the
axis. On South Dome the dimensions of the incompetent ma-

terial may have been such as to balance the horizontal and:

vertical stresses in the overlying competent rocks during the
uplifting of the strata; under these conditions no axial fault
trough would he formed.

Phystography.—The Kettleman Hills represent land forms
carved from a deformed surface of low relief developed across
folded strata of the Tulare (upper Pliocene and Pleistocene (?))
and older formations. The deformation of this surface is attrib-
uted to renewed arching along the axis of the Kettleman Hills
anticline presumably during late Pleistocene time. A nearly
flat surface at El Prado, near the north end of North Dome,
truncates strata in the upper part of the San Joaquin formation.
This surface has such low relief and covers such'a large area
that it evidently was formerly much more extensive than it now
is and presumably covered the Kettleman Hills, but it has not
been traced with certainty beyond its present limits. A surface
truncating the lower part of the San Joaquin formation on La
Palomera in southern North Dome may be a remnant of the
surface at Kl Prado, but it seems to lie below the probable pro-
jection of that surface. Dissected surfaces on Las Alturas, in
Middle Dome, and on Las Colinas, in South Dome, probably
correspond to one or the other of the North Dome surfaces.
The southward decrease in altitude from North Dome to South
Dome may be explained by a southward tilt relative to the
surrounding alluvium.

The lowest of the dissected erosion surfaces, representing a
stage in the recent uplift of the hills, is the most conspicuous
because of the older alluvium associated with it. La Vega, in
northern North Dome, shows this surface and the accompany-
ing older alluvium very well. Gravel lying above the floor of
Avenal Gap, between Middle and South Domes, may have been
deposited at about the same time as the older alluvium at La
Vega and elsewhere.

INTRODUCTION
PREVIOUS WORK

The geology of the Coalinga district, which includes
the Kettleman Hills, was first described by Watts !
and F. M. Anderson.? Ralph Arnold and Robert

t Watts, W. L., The gas and petroleum ylelding formations of the central valley of
COalifornia: California State Min, Bur. Bull. 3, pp. 53-68, 1804.

t Anderson, F. M., A stratigraphic study in the Mount Diablo Range of California:
Callfornia Acad. Scl. Proc., 3d scr., vol. 2, pp. 155-248, pls. 12-35, 1905,
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Anderson mapped this district under the auspices of the
Geological Survey, and the results of their work were
published in final form in Bulletins 396° and 398.%
The Kettleman Hills constitute only a small part of the
Coalinga district—a relatively minor part so far as the
preparation of Bulletin 398 was concerned. Only the
youngest strata of the Coalinga district are exposed in
the Kettleman Hills, but data on the remainder of the -
Tertiary section, described in Bulletin 398 and other
publications, are essential in interpreting the subsurface
section in the Kettleman Hills.

Unpublished studies in 1924-25 by R. D. Reed,
W. D. Kleinpell, Chester Cassel, and D. D. Hughes,
under the auspices of the Marland Oil Co., played an
important part in guiding drilling operations that
resulted in the discovery of an oil field in the Kettleman
Hills. After the discovery well was completed in 1928
the Kettleman Hills were studied by many geologists,
and many reports on the general geology of the area or
on particular aspects of the geology have been published,
the most comprehensive of which are those by Gester
and Galloway 5 on the general geology and by Goudkoff®
on the subsurface stratigraphy.

SCOPE OF REPORT

The Kettleman Hills embrace a considerable acreage
of public lands. An estimate of the potentialities of the
field showed that unrestricted development would not
only result in a great waste of natural resources but
would also be ruinous to the oil industry. This
investigation of the geology of the Kettleman Hills
was undertaken by the Geological Survey primarily to
furnish data for the administration of the public lands
with the view of cooperating with leaseholders and
holders of private lands so as to conserve and utilize
the resources to the greatest possible extent. This
publication makes the results of the investigation
available to anyone interested in the geology of the
Kettleman Hills, including those having an interest in
small holdings, for whom the expense of geologic work
is prohibitive.

In addition to publishing material of immediate
Interest to oil operators in the Kettleman Hills, this
report makes data available for investigations in oil
geology in nearby regions. The Coalinga district has
an unusually full succession of fossiliferous Pliocene
deposits. In working out the stratigraphy and struc-
ture particular attention was given to the zonal paleon-
tology of the part of this Pliocene section that crops
out in the Kettleman Hills. The zonal distribution
of the fossils is described, most of the species are illus-

! Arnold, Ralph, Paleontology of the Coalinga district, Fresno and Kings Counties,
Calif.: U. S. Geol. Survey Bull, 396, 173 pp., 30 pls., 1909 [1910].

4 Arnold, Ralph, and Anderson, Robert, Geology and oil resources of the Coalinga
district, Calif.: U. S. Geol. Survey Bull, 398, 354 pp., 52 pls., 9 figs., 1910.

8 Qester, Q. C., and Galloway, John, Geology of Kettleman Hills oil field, Calif.:
Am, Assoc. Petroleum Geologists Bull., vol. 17, pp. 1161-1193, 6 figs., 1933.

¢ Goudkoft, P. P., Subsurface stratigraphy of Kettleman Hills oil field, Calif.:
Idem., vol. 18, pp. 435475, 8 figs., 1934.
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trated, and the distribution and affinities of the strati-
graphically important species are discussed. Many of
the stratigraphically important fossils are recognized
by field geologists, and the usefulness of fossils in field
work in the Coast Ranges, where lithologic features are
frequently unreliable, has long been realized. The
. results of this work on the paleontology of the Kettle-
man Hills may also be useful in interpreting the
stratigraphy of subsurface sections in the San Joaquin
Valley. The paleontology of the subsurface section
in the Kettleman Hills is considered as far as prac-
ticable. The Foraminifera of the principal fossiliferous
beds in the subsurface section, supplemented by
material from the same horizons at nearby outcrop
localities, are illustrated and discussed. The work on
the mineralogy of the sandstones indicates that such
investigations may yield fruitful results in working
out the stratigraphic relations of the oil-bearing sands.

Details of the structure of the Kettleman Hills that
are presented may -not have a direct bearing on oil
development but may be of interest to geologists in
considering the geometric aspects of crustal deformation.

Of more general interest is the purpose of contributing
data for the interpretation of the geologic history of the
Coast Ranges. The paleontologic data on the outcrop
section may be of some assistance in studying the stra-
tigraphy of other Pliocene basins and in attempting to
establish correlations. The discussion of stratigraphic
classification and nomenclature, particularly with refer-
ence to the Miocene formations, may stimulate consid-
eration of the.principles underlying a subject that is
especially troublesome in the Coast Ranges.

FIELD WORK

The field work that furnished: the basis for this report
was begun in 1930 and was continued at intervals until
1934. The anticlinal character of the Kettleman Hills
is apparent to even the casual observer, but the many
structural complications due to an intricate network of
minor faults, at least in North Dome and Middle
Dome, are much less obvious. Though it is improbable
that these faults have any relation to the occurrence of
oil, an attempt was made to map them, not only to
represent the structure adequately but also because the
stratigraphy could not be understood if they were
neglected. Faunal zones were particularly useful in
mapping. On the other hand, some lithologic units
proved to be more persistent than had been expected.
The two sets of features—fossils and hthology—served
as checks on each other.

The mapping was done by W. P. Woodring and
Ralph Stewart, assisted by J. C. Miller, G. F. Taylor,
and C. L. Gazin. J. C. Miller mapped the Amnicola
zones in the Tulare formation, the base of the Tulare
formation, the upper Mya zone, and the oyster-bearing
sandstones in the upper part of the San Joaquin forma-
tion. Ralph Stewart mapped the Acila zone, the

\

Trachycardium and Pecten zones, and the interior of
North Dome below the Neverita zone. W. P. Woodring
mapped the Neverita zone, contributed data on minor
units between the Pecten and Neverila zones and
immediately below the Neverita zone, and mapped the
interior of Middle and South Domes below the Pecten
zone. G. F. Taylor measured sections in the Tulare
formation and contributed other data. C. L. Gazin
assisted in mapping the boundary between the upper
and lower parts of the Etchegoin formation in Middle
Dome. R. W. Richards gathered information on the
subsurface stratigraphy and on the occurrence of oil,
gas, and water.

The fossil zones and lithologic units were mapped by
tracing along the strike. This procedure yielded more
complete information f