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GEOLOGY AND OIL RESOURCES OF THE ELK HILLS,
CALIFORNIA

INCLUDING NAVAL PETROLEUM RESERVE No. 1
By W. P. Woobring, P. V. Rouxnpy, and H. R. FARNswORTH

INTRODUCTION

OUTLINE OF HISTORY OF FIELD AND PURPOSE OF REPORT

During the development of the Sunset-Midway oil field, which lies
along the southwest edge of San Joaquin Valley, attention was soon
drawn to the Elk Hills, as it was apparent to anyone familiar with
oil-field development in California that the Elk Hills are geologically
similar to the Buena Vista Hills. As the result of field work carried
on by the United States Geological Survey in 1908 the Elk Hills
were withdrawn from agricultural entry in September of that year,
were classified as oil land in June, 1909, and in accordance with the
policy then in operation were withdrawn in September, 1909, from
all forms of location and entry pending the enactment of suitable

" legislation for the leasing of oil and gas lands in the public domain.
At that time only one shallow well had been drilled in the Elk Hills,
and development in the Buena Vista Hills had barely begun. Dur-
ing the period from 1910 to 1912 a number of wells were drilled in the
Elk Hills. This prospecting conclusively showed that oil and gas
were to be found there at exploitable depths, but the available results
were unsatisfactory. Many of the wells were too shallow to serve as
adequate tests, and it was difficult to obtain reliable information
relating to most of the few wells that yielded oil and gas, as the lands
on which they were drilled were under litigation. In September,
1912, Naval Petroleum Reserve No. 1, which embraces almost the
entire area of the Elk Hills (see pl. 1), was created by Executive
order.

The first commercial production in the Elk Hills was obtained in
January, 1919, when the Standard Oil Co. brought in the first well
in sec. 36, T. 30 S., R. 23 E., a school section lying almost in the
center of the hills, in the area called the central field in this report.
This well yielded an average daily production for the first month of
about 225 barrels of oil. Later development in this section, based on

1



2 GEOLOGY AND OIL RESOURCES OF ELK HILLS, CALIF.

recommendations made by the Department of Petroleum and Gas of
the California State Mining Bureau, now called the Division of Oil
and Gas of the Department of Natural Resources, revealed a rich
dry gas zone lying above the oil zone. Early in 1920 the Standard
Oil Co. completed several wells, each of which yielded an initial
daily production of 4,000 to 8,000 barrels of oil in sec. 36, T. 30 S,
R. 24 E., another school section lying near the east end of the hills,
outside the boundary of the naval petroleum reserve. The Standard
Oil Co. later began drilling in the adjoining section to the east (sec.
31, T: 30 S., R. 25 E.), which was leased from the Kern County Land
Co. The Pacific Oil Co., which held land patented to the Southern
Pacific Co., started operations in sections adjoining the Standard Oil
Co.’s properties, both within the reserve, in sec. 31, T. 30 S., R. 24 E,,
and outside the reserve, in sections 35 and 25, and later in section 27.
At first drilling on the public lands was confined to the east end of
the hills, called the eastern field in this report, where the Pan Ameri-
can Petroleum Co. in 1921 and 1922 acquired leases within the bound-
ary of the reserve, in secs. 1, 2, and 3, T. 31 S., R. 24 E., as well as
outside the reserve, in sec, 6, T. 31 S., R. 25 E. Other public lands
in this field lying outside the reserve, in sec. 26, T. 30 S., R. 24 E.,
were leased by the Union Oil Co., Associated Oil Co., and Leland
Oil Co. In 1922 the Belridge Oil Co. and the Elk Hills Petroleum
Co., a subsidiary of the Pan American Petroleum Co., obtained
leases in sec. 34, T. 30 S., R. 24 E., within the reserve. Finally the
remaining public lands within the reserve were leased to the Pan
American Petroleum Co. under the lease known as Naval Reserve
No. 10, dated December 11, 1922. The Government brought suit to
annul this lease. Under the decree handed down by the United
States Supreme Court on February 28, 1927, the lease was annulled,
and the lands were restored to the Government and now are under
the administration of the Navy Department.

As a result of the developments outlined in the preceding para-
graph, the annual production of oil from the Elk Hills rose rapidly
from 291,000 barrels in 1919 to 17,990,000 barrels in 1921. The
effects of overproduction in the newly discovered fields in the Los
- Angeles Basin early in 1922 were felt in the Elk Hills as elsewhere.
Consequently, late in 1922 and throughout 1923 almost half the
potential production was closed in, and the production dropped to
8,087,000 barrels in 1923. Early in 1924 the wells were again yielding
almost their full production, and in 1924 the output was 13,530,000
barrels. During the middle of 1925 and again in 1927-28 the pro-
duction of this field and of others in San Joaquin Valley was cur-
tailed by the shutting in of wells.
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The purpose of this report is to describe the geology of the Elk
Hills and the occurrence of the oil and gas, to trace the move-
ments of oil, gas, and water in the developed areas, and to discuss
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Figure 1.—Index map of a part of California, showing areas discussed in oil reports
published by the United States Geological Survey

the oil possibilities of the undeveloped parts. The history of the
field and its production also are set forth.
LOCATION

The location of the Elk Hills with reference to other areas con-
taining oil fields in California is shown in Figure 1. The Elk Hills
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lie in southwestern Kern County, in the foothills of the Temblor
Range, along the southwest edge of San Joaquin Valley—the south-
ern part of the Great Valley of California. The Temblor Range,
which is one of the Coast Ranges, extends southeastward and partly
merges into the eastward-trending San Emigdio Mountains, which
lie along the south edge of San Joaquin Valley. Foothills along the
northeast flank of the Temblor Range, adjoining the valley, form
a wedge that increases in width toward the southeast until it attains
a maximum width of about 12 miles near the southeast end of the
range. Here, at the base of the wedge, the foothills merge into tho
flat floor of the valley, part of which receives the flood waters of
the Kern River in the reservoir called Buena Vista Lake. The Elk
Hills lie along the north side of this wedge of foothills, adjoining
its base. They are isolated from the foothills to the south by the
Buena Vista Valley and its northwestward continuation, the McKit-
trick Valley, in which lies the town of McKittrick. (See fig. 3.)
The foothills south of the Buena Vista Valley, called the Buena
Vista Hills, are separated from the Temblor Range by the Midway
Valley, in which lie the towns of Taft and Fellows. Taft is the
larger of these two towns and supplies the near-by oil fields.

The Sunset-Midway oil field is the largest field in California both
in producing acreage and in total production. It embraces part of
the northeast flank and southeast end of the Temblor Range, the
southeastern part of the Midway Valley, the Buena Vista Hills, and
Maricopa Flat—an area along the west edge of San Joaquin Valley
where the northern part of the Temblor Range plunges into it. The
geology of the Sunset-Midway field and the development of its oil
resources up to July, 1916, are described by Pack® and Rogers.”
Pack also gave a description of the Elk Hills, but at the time he
wrote only a few wells had been drilled there, and none were pro-
ducing oil for the market. The Elk Hills field is separated from
the Sunset-Midway field by the Buena Vista Valley. The area of
production on the north slope of the eastern Buena Vista Hills has
recently been extended down into the southern part of the Buena
Vista Valley. The old McKittrick field, well known for its complex
geologic structure and for long-lived wells that yield a small daily
production, lies southwest of the Elk Hills, near McKittrick.

FiELD WORK AND ACKNOWLEDGMENTS

The first of the field work on which this report is based was done
during two months in the summer of 1924 by Messrs. Woodring and

1Pack, R. W., The Sunset-Midway oil field, Calif., pt. 1, Geology and oil resources:
U. 8. Geol. Survey Prof. Paper 116, 1920.

3Rogers, G. S., The Sunset-Midway oil field, Calif., pt. 2, Geochemical relations of the
oil, gas, and water: U. 8. Geol. Survey Prof. Paper 117, 1919.
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Roundy with the assistance of H. W. Hoots. At that time no topo-
graphic map of suitable scale was available, and mapping was car-
ried on by plane-table traverse. Additional work was done during
the following year with the assistance of a topographic map, but the
map used as a base for Plate 1 was not available until 1928, and at
that time the geology of virtually the entire area was remapped by
the senior author.

The parts of this report dealing with the surface features and
surface geology were written by Mr. Woodring; the part dealing
with the underground geology was prepared by the three authors; of
the other parts, the discussion of the occurrence of the oil and gas
was written by Messrs. Roundy and Farnsworth, of the produc-
tion by Mr. Roundy, and of the waters and their movements by Mr.
Farnsworth. '

The oil companies operating in the Elk Hills field cooperated
liberally in the preparation of this report by furnishing logs, pro-
duction, and repair records, and other data bearing on the movement
of the waters. For these and other courtesies the authors are greatly
indebted to F. H. Hillman, G. C. Gester, J. M. Atwell, E. J. Young,
and P. C. McConnell, of the Standard Oil Co.; M. E. Lombardi, E. G.
Gaylord, and J. H. Menke, of the former Pacific Oil Co., which has
since been consolidated with the Standard Oil Co.; J. C. Anderson,
Van H. Manning, F. E. O’Neill, L. P. Brandel, and L. F. Kohle,
formerly of the Pan American Petroleum Co., which in 1928 trans-
ferred its properties to the Richfield Qil Co.; J. A. Taff, G. D. Hanna,
J. B. Stevens, and W. D. Cartright, of the Associated Oil Co.; C. L.
Woods and Ted Miles, of the Union Oil Co. of California; L. E.
Porter and M. E. Lake, of the Richfield Oil Co.; C. L. Moore, of
the Chanslor-Canfield Midway Oil Co.; L. A. Cranson, of the Hono-
lulu Consolidated Oil Co.; F. F. Doyle, of the Midway Gas Co.; and
E. Huguenin, H. A. Godde, and E. H. Musser, of the California
Division of Oil and Gas. The late Admiral H. H. Rousseau, director
of naval oil reserves, Commander I. F. Landis, inspector of naval
oil reserves in California, and C. M. Nickerson, resident petroleum
engineer of the Navy Department, placed at the authors’ disposal the
records accumulated during their administration of Naval Petroleum
Reserve No. 1. R. C. Patterson and J. M. Alden, of the Taft mineral
leasing office, formerly administered by the Bureau of Mines and
now under the direction of the Geological Survey, constantly fur-

. nished information relating to wells drilled on Government land.

The airplane photographs used as illustrations were furnished by
the Navy Department.
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EARLIER REPORTS

The following reports deal with the geology and oil resources of
the Elk Hills. In addition to the special articles listed, the monthly
chapters of the annual report of the California State oil and gas
supervisor, issued by the California State Mining Bureau, now called
the Division of Oil and Gas of the Department of Natural Resources,
under the title “ Summary of operations, California oil fields,” give
a record of drilling and other operations and a biennial summary
of production statistics.

1910. Arnold, Ralph, and Johnson, H. R., Preliminary report on the McKittrick-
Sunset oil region, Kern and San Luis Obispo Counties, Calif.: U. S.
Geol. Survey Bull. 406, 225 pp., 5 pls., 2 figs. The geology and oil
prospects of the Elk Hills are discussed on pp. 81, 93, 99-100, 209-210.

1914. McLaughlin, R. P., and Waring, C. A., Petroleum industry of California :
California State Min. Bur. Bull. 69, 519 pp., 78 figs., 13 unnumbered
plates in text, 18 pls. in atlas. Development in the Elk Hills is briefly
described on pp. 218-219, including list of early wells dmlled their
location, depth, and results of drilling.

1919. McLaughlin, R. P., Natural gas development in the Elk Hills, Calif.:
California State Min. Bur. Summary Operations California Oil Fields,
May, 1919, pp. 4-8, 1 fiz. Account of the discovery of the gas zone
in sec. 36, T. 30 8., R. 23 E.

1920. Pack, R. W., The Sunset-Midway oil field, Calif, Part 1, Geology and
oil resources: U. S. Geol. Survey Prof. Paper 116, 179 pp., 45 pls,,
15 figs. The geology of the Elk Hills and development are described
on pp. 17, 49, 57, 58-59, 162-169.

1921. Collom, R. BE., The Elk Hills oil field: California State Min. Bur. Sum-
mary Operations California Oil Fields, vol. 7, No. 1, pp. 5-6. Intro-
duction to the 1921 report by Thoms, C. C., and Smith, ¥. M., listed
below.

1921. Thoms, C. C., and Smith, F, M., Notes on Elk Hills oil field: California
State. Min, Bur. Summary Operations California Oil. Fields, vol. 7,
‘No. 1, pp. 7-19, 4 pls., 2 figs. Describes the underground structure,
development, and technology.

1921. Vander Leck, Lawrence, Petroleum resources of Californiz with special
reference to unproved areas: California State Min. Bur. Bull. 89, 186

pp., 12 figs,, 12 pls. (including maps). The Elk Hills field is described

on pp. 169-171.

1924. Hanna, G. D., and Gaylord, E. G., Description of a new genus and spemes
of fresh-water gastropod mollusk (Scalez petrolia) from the Etche-
goin Pliocene of California: California Acad. Sci. Proc., 4th ser., vol.
13, No. 9, pp. 147-149, 2 figs. A description of the peculiar fossils
used as guide fossils by the oil operators.

1925. Saunders, L. W., Recent developments in the east end of the Elk Hills
oil field: California State Min. Bur. Summary Operations California
0Oil Fields, vol, 10, No. 11, pp. 5-11, 3 pls. A discussion of the under-
ground structure and development of the eastern field.

1926. Woodring, W. P., Pliocene Viviperus-like opercula from California:
Nautilus, vol. 39, No. 4, pp. 109-111. A brief account of the fossils
described by Hanna and Gaylord, 1924, listed above.

ff
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1926. Hanna, G. D., Further notes on Scalez petrolia : Nautilus, vol. 40, No. 1,
pp. 14-16.

1927. Roberts, D. C., Fossil markers of Midway-Sunset-Elk Hills region in
Kern County, Calif.; California State Min. Bur. Summary Operations
California Qil Fields, vol. 12, No. 10, pp. 5-10, 4 pls.

1927. Woodring, W. P., and Roundy, P. V., Geology and oil development of the
Elk Hills, Calif. [abstract]: Washington Acad. Seci. Jour., vol. 17, -
No. 10, pp. 271-272,

1929. Pemberton, J. R., Elk Hills, Kern County, Calif.: Structure of typical
American oil fields, vol. 2, pp. 44-61, 6 figs. An account of the geology
and oil production.

SURFACE FEATURES

GENERAL RELATIONS

The Elk Hills are a low elongate swell that is crudely elliptical
in outline, having a length from northwest to southeast of about 17
miles and a maximum width of almost 6 miles. They are part of
the outer foothills of the Temblor Range but are completely detached
from the adjoining foothills and form one low range of hills. Ex-
cept at places where erosion has modified their edge the hills rise
gradually from San Joaquin Valley, which lies to the north and
east, and from Buena Vista and McKittrick Valleys, which lie to
the south. A narrow stream gap extending across the outer range
of foothills at the northwest edge of the drea shown on Plate 1
separates the Elk Hills from the much narrower range of foothills
that extends northwestward along the foot of the Temblor Range.
This gap is used by the railroad from Bakersfield to McKittrick.
In the eastern two-thirds of the Elk Hills the main stream divide
closely follows the center of the hills, but in the western third it
gradually bends toward the south edge. The hills rise to an alti-
tude of 1,551 feet above sea level, or about 1,000 to 1,200 feet above
the edge of San Joaquin Valley. At places narrow ridges, which
are narrow anticlines, interrupt the slope from the crest of the hills
to the lowlands that almost completely surround them.

EROSION FORMS

The hills are intricately dissected by many-branched ephemeral
streams. As the climate is semiarid, and during the greater part
of the year the hills support only a sparse vegetation consisting of
tufts of dry grass and scattered low shrubs, the dissection stands out
in bold relief. The divides are narrow but are not knife-edged, and
the slopes between gullies and ravines are smoothly rounded. Con-
tour lines representing these slopes form short, full scallops, which
are clearly evident on Plate 1, particularly on most of the north
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slope, where erosion is deeper. Even at places where during the
summer the ground is almost bare, the slopes and hilltops are smooth
and rounded, and the knife-edged summits, sharp pinnacles, and
fluted slopes of badlands are absent. The rounded divides, smooth
slopes, and complexly branching ephemeral streams are shown in
Plate 2. ‘

Although the climate is semiarid, the erosion features are like those

of a more humid region. Bryan ® suggested that the humid aspect of
~erosion features in foothills of Sacramento Valley, the northward
prolongation of San Joaquin Valley, is due to the seasonal distribu-
tion of the rainfall and to the relatively high winter temperature.
Grass begins to grow when the fall rains begin, and the mild tempera-
‘ture permits continuous and rapid growth during the winter. This
protective covering of vegetation retards erosion during the period
of heaviest rainfall. The grass dries up in the summer, but as little
or no rain falls then, there is very little erosion. Probably the same
explanation can be applied to the erosion features of the Elk Hills.
The rocks in the Elk Hills consist of loose sand and hardened mud,
some beds of which carry layers of marlstone or limestone. The rain-
fall is less than in Sacramento Valley. Bakersfield, the nearest
precipitation station of the Weather Bureau, has a mean annual rain-
fall of 5.5 inches, and on the west side of San Joaquin Valley, where
the Elk Hills lie, the rainfall is even less—between 4 and 5 inches. At
Bakersfield a little more than 75 per cent of the rain falls during the
period from November to March, inclusive; in the vicinity of the Elk
Hills the seasonal distribution of the rain is similar, and the rains
usually are gentle. If the rainfall were more uniformly distributed
during the year, or if the winter temperatures were lower, thus pre-
venting a vigorous growth of grass when erosion is active, or if the
rains usually were torrential, soft rocks like those in the Elk Hills
would surely be carved into badlands.

The regularity of the siope is somewhat modified, because the mud-
stones are harder than the sands between which they lie and form
short, relatively steep slopes, whereas the sands generally form long,
gentle slopes. At places where thin layers of marlstone or limestone
are included in the mudstones this difference.in slope is most pro-
nounced. The marlstone or limestone, which usually lies at the top
of a bed of mudstone, is harder than the other rocks. Where the beds
lie flat or dip gently the limy beds crop out at the top of & steep,
terracelike step; a bed of mudstone crops out on the rise; and the
long, gentle slope of the tread leading down to the next rise is formed
on a bed of sand. These steps are for the most part too low to show

8 Bryan, Kirk, Geology and ground-water resources of Sacramento Valley, Calif.: U. 8.
Geol. Survey Water-Supply Paper 495, p. 20, 1923,



EROSION FORMS 9

on a map with a contour interval of 20 feet. Where the beds dip
steeply low cuestas are formed. A bed of mudstone generally crops
out along the upper edge of the cuesta and along the back slope lead-
ing down the dip. At places beds of sand that carry heavy courses
of gravel also form cuestas. Where the dip is only moderately steep,
as near the north edge of the central part of the hills, the cuestas are
poorly defined, but where it is 15° or more a series of distinct little
cuestas is formed. Plate 3 shows such cuestas along a small part of
an area of steeply dipping beds that extends along almost the entire
south edge of the hills,

Another factor hhs a bearing on the shaping of the surface features.
North slopes have a thicker covering of soil than south slopes and
support a much heavier growth of vegetation, including at'many
places even a thick pad of moss. This contrast, which is shown in
Plate 7, 4, s a striking feature. It has been observed at other places
and has been described by Reed as it occurs in the Salinas Valley.*
The contrast is to be attributed to the shading and consequent reten-
tion of moisture on north slopes, which is particularly effective in
California, as the rain falls during the winter, when the sun is far-
thest south. As a result of the heavier protective cover of vegetation,
north slopes are smoother and less scarred by gullies. Rock exposures
are far better on south slopes, and the difference is so pronounced that
in carrying on mapping it is advisable to plan to work northward,
with the south slopes in full view. Perhaps this condition is respon-
sible for the deceptive appearance of some of the narrow little anti-
cliries, all of which seem to have steeper dips on the north limb,
owing to the development there of prominent dip slopes, whereas
on some of the anticlines the south limb is actually steeper, but on
that limb the surface cuts across the steeply dipping beds.

The slopes at the edge of the hills have been changed by sedimen-
tation and erosion. Rock waste brought from the hills has been
deposited along the north and south edges where streams enter San
Joaquin Valley and Buena Vista Valley. As a result of the deposi-
tion of this material the hills merge gradually into the lowlands,
even where high, narrow anticlines extend along their edge. Rela-
tively steep slopes along part of the west edge of the hills are due
to erosion along the stream gap that forms the western boundary
of the Elk Hills. The most striking result of erosion along the
border of the hills is seen along the northern part of the east edge,
where the hills end in steep bluffs. Here the beds dip very gently
toward the valley, but the bluffs, which are 30 to 80 feet high, have
slopes of 80° to 50°. They are clearly due to cutting back by stream

‘4Reed, R. D.,, Wind and soil in the Gabilan Mesa: Jour. Geology, vol. 35, pp. 84-88,
1 fig., 1927.
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erosion. These bluffs extend from the pumping station in sec. 25,
T. 30 S., R. 24 E., southeastward along the edge of the hills to a
locality about three-quarters of a mile southeast of the Western
Water Co. camp. They are not continuous, as they are interrupted
by stream channels. The bluffs were cut very recently, at a time
when, as at present, the west side of San Joaquin Valley lay in the
lee of the Coast Ranges and was as arid as it now is. Therefore it
is inferred that the stream that cut them was fed from the Sierra
. Nevada and flowed in the channel at the east end of the hills now
_ called Buena Vista Slough. The Kern River has built a long, gently
sloping alluvial fan extending from the foothills of the Sierra
Nevada across San Joaquin Valley to the edge of the Elk Hills,
thus shutting off the drainage of the south end of the valley. Be-
fore irrigation projects changed the natural drainage, channels of
the Kern River radiated across the fan. According to Grunsky,®
the present main channel, which extends toward the east end of the
Elk Hills, where the bluffs are, was formed during floods in 1867~
68. Contour lines drawn on the surface of the alluvial fan bulge to-
ward the Elk Hills, showing that earlier channels, of which there is
no historical record, extended to the edge of the hills. Flood waters
reaching the edge of the Elk Hills through these channels were prob-
ably diverted at times southward toward the depression now occu-
pied by Buena Vista Lake and at times northward toward the basin
fermerly occupied by Tulare Lake. The bluffs were formed by flood
waters cutting back the edge of the hills. Active erosion had
stopped before the first settlers entered the valley, and the main
channel of the Kern River then led southward past the site of Bak-
ersfield to Kern Lake, which has since been drained. Only a rela-
tively small amount of water now reaches the west side of the valley,
as canals on the east side have a prior right to a fixed amount.
The part of Buena Vista Slough lying near the Elk Hills has been
straightened to serve as a canal. Meanders that were cut off when
it was straightened, as well as several generations of naturally aban-
doned meanders, are visible on Plate 4. Some of the artificially
abandoned meanders lie along the foot of the abandoned bluffs.
Opposite the village of Tupman Buena Vista Slough retreats
from the edge of the hills and the abandoned bluffs end. The edge
of the hills recedes southwestward, but the boundary is indefinite
because of the cover of rock waste deposited by streams emerging
from the hills. The streams are now eroding this old alluvium.
The outer boundary of the old eroded alluvium extends along the
edge of a terrace adjoining the valley of the stream that formerly

5 Grunsky, C. E., Irrigation near Bakersfleld, Calif.: U. 8. Geol. Survey Water-Supply .
Paper 17, p. 37, 1898.
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ROUNDED DIVIDES, SMOOTH SLOPES, AND MANY-BRANCHED EPHEMERAL STREAMS CHARACTERISTIC OF THE ELK HILLS

Airplanc photograph of western part of sec. 3, T. 31 S., R. 23 E_, on the south slope of the Elk Hills. Approximate scale, 1,100 feet to the inch. The narrow white streak
in the right center is an unimproved road. The area at the upper right is slightly dissected. Narrow light-colored scalloped bands, due to steeply dipping beds
of mudstone, are visible extending obliquely across the lower left corner.
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LITTLE CUESTAS AT SOUTH EDGE OF ELK HILLS

Airplane photograph of parts of secs. 13 and 14, T. 31 S., R. 24 E. Approximate scale, 1,100 feet to the inch. The black streak at the bottom is the highway from
Taft to Bakersfield, from which at the right the Tupman road, a broad black band, branches off. The cuestas are due to beds that dip steeply southward. The

rough hills at the left are the result of the erosion of a narrow anticline that plunges eastward and disappears at the left center. Steeply dipping beds on the south
i of a smaller and more deeply eroded anticline are visible at the upper right.




U. S. GEOLOGICAL SURVEY : BULLETIN 835 PLATE 4

TERRACE AND TRENCH ALONG NORTH EDGE OF ELK HILLS

plane photograph of part of secs. 23 and 24, T. 30 S., R. 24 E. Approximate scale, 1,200 feet to the inch. The streams are eroding the old alluyium that lies on
the terrace and are dep: ng alluvium beyond the edge of the terrace. he trench is the easternmost one along the north edge of the hills, The black
sinuous band is Buena Vista Slough. The relative age of the abandoned meanders is suggested by differences in the sharpness of outline,
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DRAINAGE FEATURES OF WESTERN PART OF NARROW ANTICLINE ALONG SOUTH EDGE OF ELK HILLS WEST OF CARMAN ROAD

Airplane photograph of parts of secs. 3 and 10, T. 31 S., R. 23 E. Approximate scale 1,100 feet to the inch. The plunging west end of the anticline is roofed by
a bed of sand underlying a bed of mudstone, which apyp as a white band cropping out on the south limb,
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DRAINAGE FEATURES OF EASTERN PART OF ANTICLINE SHOWN IN PLATE 5

Airplane photograph of part of secs. 11 and 12, T. 31 8., R. 23 E.  Approximate scale 1,100 feet to the inch, Headward erosion across the crest of the anticline is
shown by the numerous southward-draining ravines and gullies. The black streak at the right is the Carman road. The unimproved road through the stream
gap follows a pipe line.
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A. VIEW ON NORTH SLOPE, LOOKING EASTWARD ACROSS STREAM VALLEY IN WESTERN PART OF
SEC. 22, T. 30 S., R. 23 E.

Note the gentle northward dip, the alternating beds of mudstone and sand that show as light and dark bands, respectively,
and the heavier growth of vegetation on north slopes.

B. VIEW LOOKING NORTHEASTWARD FROM CREST ROAD IN NORTHWEST PART OF SEC. 3, T. 31 S., R. 24 E.

The mudstone forming the light bare band at the top of the ridge is the third mudstone above the base of the upper part of the Tulare formation. This is the
type locality of limestone A, which lies at the top of the second mudstone. A bed of sand covered with vegetation lies between the mudstones,

TULARE FORMATION IN ELK HILLS



" EROSION FORMS 11

flowed in Buena Vista Slough, where the streams from the hills are
now depositing alluvium. At places the outer edge of this terrace
is indefinite, but at other places it forms a distinct scarp that rises
15 to 25 feet, above the valley. Plate 4 shows the outer edge of this
terrace extending westward from the village of Tupman. If this
terrace were the result of a general movement of the earth’s crust
a similar terrace should be found along Buena Vista Creek, south
of the Elk Hills, and unless the terrace were formed before the bluffs
were eroded, which is not probable, the movement should be recorded
by a bench in the bluffs. As no terrace is visible along Buena Vista
Creek and as the bluffs are not benched, the terrace seems to have |
no tectonic significance. It might be due to a change in climate or to
a change in direction of drainage that increased the flow of the
stream in the channel of Buena Vista Slough. But the bluffs and
terrace were formed so recently, after the long alluvial fan of the
Kern River was built, that a climatic change seems improbable, and
no other evidence supports the supposition that a great volume of
water from the Kern River was diverted into Buena Vista Slough
during the time when the terrace was cut. It is more probable that
the terrace is due simply to the southward migration of the stream
that formerly flowed in Buena Vista Slough and to the cutting
back of the old alluvium deposited by streams emerging from the
hills.

Airplane photographs reveal narrow, shallow trenches at the west
end of the hills and along the north edge. As shown on Plate 1,
these trenches extend along almost the entire north edge of the hills
on each side of the indefinite boundary between the alluvium and
the Tulare formation, but at the west end they extend southwest-
ward into the hills. Toward the east end they seem to terminate at -
faults. The easternmost one, which lies southwest of the village of
Tupman, can be seen on Plate 4. The longest virtually continuous
trench has a length of a little more than 4 miles. As seen on the
ground, they seem to be narrow stream swales, which, however,
extend across divides. They are only a few feet deep and 10 to 15
feet wide; in fact, they are'so shallow that they were entirely over-
looked until their alinement was discovered on the photographs.
Inasmuch as they branch and have an irregular rambling trend they
can hardly be the remnants of artificial trenches. They resemble
rift features on a minute scale, as Pemberton ¢ has suggested, but so
far as could be determined no displacement has taken place along
them. If there is no displacement, the trenches are remnants of

S P'emberton, J. R., Elk Hills, Kern County, Calif.: Structure of typical American oil
tields, vol. 2, p. 51, 1929,

72110°—32—2
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open partings or cracks. Such cracks might be due to settling along
the edge of San Joaquin Valley, but this view would not account for
the trend of the trenches into the hills at the west end. They also
might be due to earthquakes; indeed, if they were still open they
would closely resemble the cracks that were formed during the San
Francisco earthquake of 1906. As described by Gilbert and Lawson,’
secondary cracks—that is, cracks that were not directly due to the
rupture that caused the earthquake—generally were associated with
landslides or with lurching toward stream banks, but others appar-
ently were the result of rupturing of the rock by the intense vibra-
tions. Such cracks were formed many miles from the San Andreas
rift. If the trenches in the Elk Hills are remnants of earthquake
cracks, they fall in the last class. Also, if they formed as earthquake
cracks they were open cracks long ago, for they are almost obliterated
and they are in the same stage of obliteration. The closest fault along
which movements are known to have taken place recently is the San
Andreas rift, which lies 16 to 17 miles to the southwest. A severe
shock, called the Fort Tejon earthquake, was caused by movements
along this fault in 1857. In the event that this shock was the one
responsible for the almost obliterated cracks in the Elk Hills, other
cracks in the same stage of decay should be found between the Elk
Hills and the rift. So far as known they have not been found, but
it probably would be necessary to look for them on airplane
photographs. '
DRAINAGE

Inasmuch as folding has taken place so recently in this area,
where the surface rocks are of early Pleistocene or late Pliocene age,
it is natural to expect that the drainage pattern should conform to
the structural features. There are so many exceptions, however, that
the conclusion seems inevitable that the history of the drainage pat-
tern is more complex than might at first be supposed, though the
evidence collected is too meager to make it possible to trace this
history.

The stream draining McKittrick Valley cuts across the entire
outer range of foothills in the gap at the west end of the Elk Hills,
and branches of Buena Vista Creek cut across the Buena Vista Hills.
In the Elk Hills themselves the drainage conforms to the larger
folds, but streams cut across the narrow little anticlines. Along
several of the larger streams that drain the north slope remnants of
old stream deposits that unconformably overlie the surface rocks
and that are trenched by the present streams were seen here and

7 Lawson, A, C,, and others, Report of the State Earthquake Investigation Commission :
Carnegie Inst. Washington Pub. 87, vol. 1, pp. 73-76, 401-402, 1908. 4
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there, but these old deposits have been almost entirely cleaned out.
No stream deposits were seen anywhere along the crest of the hills,
but the slightly eroded area lying in the central part of the hills in
the saddle between the two main anticlines has the appearance of a
former erosion surface that has so far escaped gullying by headward
erosion of the present streams. This area is drained by shallow
swales that change within a short distance, though mnot very
abruptly, to deeply trenched gullies. The long, gentle slope leading
down the north side of the hills farther west has the same
appearance.

The amount of material removed by erosion from the crest of the
hills is considerable but rather difficult to estimate. In the eastern
part, which is more deeply eroded, a thickness of at least 60 to 80
feet, probably a great deal more, has been removed. Apparently most

of this material was carried away by streams, though the close
packing of pebbles strewn on the surface of a bed of sand in exposed
places, such as the flat crests of the slightly eroded narrow anti-
clines, shows that the wind can not be ignored as an eroding agent.

The remnants of old stream deposits, the apparent remnants of
former erosion surfaces, and the amount of erosion on the crest of the
hills point to the conclusion that the hills have grown repeatedly and
that more than once they have been eroded down to a level below
their present height. The last upward bulge must have been of very
recent date; otherwise, despite the aridity, no hills of any magnitude
would be left.

The streams that cut across the little anticlines offer an interesting
field of study. These anticlines are eroded to varying depths, but
even those that are least eroded have had a considerable thickness of
‘beds removed from their crest, and after allowance has been made
for the apparently slight amount of wind erosion it is not at all
certain that the present streams have done all this work. Some of
the streams crossing the little anticlines, particularly those with large
drainage basins, may be original antecedent streams that kept their
grade across the folds as they bulged upward. Others probably owe
their courses to headward erosion, which enabled them to capture
drainage lying back of the anticline.

The drainage features of the anticline along the south edge of
the hills west of the Carman road seem to afford evidence of breach-
ing by headward erosion. This anticline has not been deeply eroded,
and its form is faithfully indicated by the topography, as shown in
Plates 5 and 6. The southward-draining gullies are being cut back
much more rapidly than the northward-draining gullies, owing to
their steeper gradient. Near its west end the anticline is roofed by
a bed of sand, though it is clear that this is not the original roof, for
higher beds crop out on the south limb. One southward-draining
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gully has already been cut headward beyond the crest in this bed of
sand. Of the three streams flowing across the part of the anticline
shown in Plate 5 the middle one seems to represent a later stage in
this process of piercing the anticline by headward erosion, as it flows
across the anticline in a very narrow gap and is draining a small
area lying north of the anticline. Southeastward-flowing tributaries
of this stream have already excavated an amphitheater along the
crest of the fold, revealing beds that underlie the sand which forms
the roof of the anticline farther west. The larger stream at the
right, which has a wider gap and drains a large area to the north,
may represent an earlier breach across the anticline, perhaps during
an earlier stage of erosion. The still larger stream to the left seems
to be an original antecedent stream, as an early breach across this
part of the fold, where it is plunging rapidly, is improbable. The
stream that crosses the eastern part of the same anticline (see pl. 6)
seems to flow in a breach cut during an earlier stage. The stream
that flows southeastward along the north edge of this anticline and
around its plunging end (see pl. 6) may represent the former outlet
of most of the drainage of the area north of the anticline after it had
been diverted by the first growth of the anticline. Most of the area
lying between the anticline and the crest of the hills, except the part
drained by the supposed antecedent stream at the west end, is not
deeply trenched, although the stream pattern is intricate. The
erosion of this area, which lies in the lee of the anticline, may have
been retarded during the period between the diversion of the drain-
age and the breaching of the fold.

The narrow anticline at the northwest edge of the hills is in an
even earlier stage of topographic development. It seems probable
that the streams flowing across it have breached the fold by head-
ward erosion and captured part of the drainage of the stream that
flows in the trough of the northwestward-plunging syncline south of
the anticline. The other narrow anticlines, all of which are pierced
by streams, have a much less definite topographic form, and the his-
tory of the streams that cross them is not clear.

GENERAL STRATIGRAPHY

Nonmarine deposits of early Pleistocene or late Pliocene age,
called the Tulare formation, are the only beds that crop out in the
Elk Hills. A fringe of Quaternary alluvium extends around the
edge of the hills. The Pliocene oil-bearing Etchegoin formation
underlies the Tulare formation. Deposits in the upper part of the
Etchegoin formation were laid down in marine, brackish, and fresh
waters, but the lower part consists entirely of marine deposits. In
the Elk Hills the Etchegoin formation is known only from material



ALLUVIUM 15

brought to the surface by the drilling of wells. In the near-by moun-
tains light-colored siliceous shale and diatomite of great thickness
unconioz mably underlies the Etchegoin formation. This shale, called
the Maricopa shale, is of middle and upper Miocene age and is usually
regarded as the source of the oil in the Elk Hills and adjoining fields.
Other sedimentary rocks of lower Miocene, Oligocene, and Eocene
age resting on a basement of metamorphic or igneous Mesozoic rocks
probably underlie the Maricopa shale in the Elk Hills.

QUATERNARY DEPOSITS

ALLUVIUM

Except at the east end of the Elk Hills, where the Kern River has
brought finely divided and weathered rock débris from the Sierra
Nevada, the alluvium surrounding the hills is derived from beds that
crop out in the hills themselves or from the deposits in the Temblor
Range that yielded the materials from which the beds of the Elk
Hllls were formed. The alluvium consists of poorly sorted or un-
sorted pebbles, sand, silt, and clay. The most common pebbles are
small flat pieces of white siliceous shale that have imperfectly
rounded ends. At the east end of the hills and at places at the west
end stream erosion has produced a sharply defined boundary between
the beds that crop out in the hills and the alluvium. Elsewhere the
boundary is very indefinite, as the alluvium is virtually indistinguish-
able from the older beds. It isshown in Plate 1 at the change in slope
along the border zone between the hills and the lowlands.

The alluvium unconformably overlies the older beds, successively
younger deposits overlapping older deposits and extending farther
up the slope of the hills. At places recently deposited alluvium rests
on the eroded surface of old alluvium. The varying thickness of
beds along the edge of the hills shows that the overlap of alluvium
conceals a considerable thickness of tilted deposits. At places where
the Tulare beds dip gently along the edge of the hills the dip of the
alluvium closely conforms to thelr dip. At other places where the
beds in the hills dip steeply, stream cuts near the edge of the hills
may reveal gently dipping alluvium resting on steeply dipping beds.
The alluvium is of Quaternary age, but what part of Quaternary
time it represents is not known, except that it is apparently younger
than early Pleistocene. Along the north edge of the hills the allu-
vium may be divided into an old part, which is now being eroded,
and a new part, which is now being deposited. The old alluvium
extends from the edge of the hills to the outer edge of the terrace
described in connection with other erosion forms on pages 10-11. It
is not known whether these two parts could be recognized elsewhere
around the edge of the hills where there is no terrace. A
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| QUATERNARY OR TERTIARY DEPOSITS
TULARE FORMATION
DISTRIBUTION

The Tulare formation crops out over the entire area of the Elk
Hills. It has also been mapped in the foothills and on the east slope
of the Temblor Range in the near-by Sunset-Midway and McKittrick
fields and at intervals southeastward along the foot of the San
Emigdio Mountains and northwestward along the foot of the
Temblor and Diablo Ranges.

NAME

Folded nonmarine deposits that conformably overlie the Etchegoin
formation in the Kettleman Hills, an isolated anticlinal range of
foothills southeast of Coalinga, were called the Tulare formation by
F. M. Anderson in 1905 These deposits can not be traced continu-
ously from the Coalinga region to the south end of San Joaquin
Valley, and it is improbable that the deposition of nonmarine beds
began at the same time in the two regions. The finding of fresh-
water beds within the Etchegoin formation ® and of marine or brack-
ish-water beds 2,500 feet above the base of the Tulare formation,*
both in the type region of the Tulare formation, indicates that slight
changes excluded or admitted marine waters there. Similar condi-
tions in the Midway district during late Etchegoin time are indicated
by the discovery of vertebrate remains in the McLeod No. 14 well of
the Union Oil Co. in sec. 34, T. 31 S., R. 23 E., in the Midway Valley,
at a horizon about 150 feet above the top of the B oil zone as defined
by Pack* According to an oral communication from Dr. Chester
Stock, of the California Institute of Technology, these remains rep-
resent a metapodial of a carnivore and a fragment of a rodent or

bird.

In various reports of the Geological Survey these nonmarine beds
along the west and south sides of the San Joaquin Valley have been
called Paso Robles formation, a name first used by Fairbanks.?

8 Anderson, F. M., A stratigraphic study in the Mount Diablo Range of California :
California Acad. Sci. Proc., 3d ser., vol. 2, pp. 181-182, 1905.

9 Arnold, Ralph, Paleontology of the Coalinga district, Fresno and Kings Counties,
Calif.: U. S. Geol. Survey Bull. 396, pp. 43-44, 1909. Arnold, Ralph, and Anderson,
Robert, Geology and oil resources of the Coalinga district, Calif.: U. 8. Geol. Survey Bull.
398, p. 138, 1910.

0 Arnold, Ralph, op. cit.,, pp. 46-48, 1909, Arnold, Ralph, and Anderson, Robert,
op. cit., pp. 141, 147, 153-154, 1910.

1 pack, R. W., U. 8. Geol. Survey Prof. Paper 116, pp. 88-162, 1920.

22 Fajrbanks, H. W., Geology of a portion of the southern Coast Ranges: Jour. Geology,
vol. 6, pp. 551-5676, 1898 (see p. 545). See also Hamlin, Homer, Water resources of
Salinas Valley, Calif.: U. S. Geol. Survey Water-Supply Paper 89, 1904 ; Fairbanks, H. W.,
U. 8. Geol. Survey Geol. Atlas, San Luis folio (No. 101), 1904.
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The type locality of the Paso Robles formation is in the vicinity of
the town of Paso Robles, in the upper Salinas Valley, which lies in
the Coast Ranges west of San Joaquin Valley. According to Ander-
son,*® the lower part of the Paso Robles formation at its type locality
includes marine beds that are equivalent to the upper part of the
Etchegoin formation of the Coalinga region.” Inasmuch as at least
part of the Paso Robles formation seems to be older than the Tulare
formation, and inasmuch as the names were applied to deposits in
different basins, the deposits in the Elk Hills are in this report
described as the Tulare formation. In a report that was issued after
this account was written Hoots ** assigned to the Tulare formation
deposits at the extreme south end of San Joaquin Valley.

LITHOLOGY AND THICKNESS
EXPOSED BEDS

GENERAL LITHOLOGY

The Tulare formation consists of nonmarine deposits laid down
under varying conditions. Beds of sand and mudstone similar to
those in near-by regions crop out in the Elk Hills. The beds change
along the strike, and their thickness varies from place to place. The
general lithology and the thickness of the exposed part of the'Tulare
formation are shown in Figure 2.

The division of the exposed beds into an upper and lower part is
based on the color of the mudstones. In the upper part the mud-
stones are buff; in the lower part they are olive-gray. The color
contrast is striking, but it is clear that the change in color takes
place at different levels, owing to the lensing out of beds.

The maximum thickness of outcropping beds is at least 700 feet
and may be as much as 850 feet. The total thickness of the
formation is discussed in the description of the concealed beds.
(See p. 25.)

UPPER PART

Stratigraphy.—The upper part of the Tulare formation consists
of alternating beds of sand and hardened mud. (See pl.7,4.) The
lowest buff mudstone in the eastern part of the hills was mapped as
the base of the upper part. So far as could be determined this bed
is continuous over the eastern third of the hills, at least along the
crest and north slope, where it is well exposed. In the western part
of sec. 5, T. 31 S., R. 24 E., and in section 6 this bed is not so

18 Arnold, Ralph, op. cit.,, p. 47. Arnold, Ralph, and Anderson, Robert, op. cit., p. 142.
1 Hoots, H. W., Geology and oil resources along the southern border of San Joaquin
Valley, Calif.: U. 8. Geol. Survey Bull. 812, pp. 286-289, 1930.
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prominent, and in part of this area the lowest buff bed lies at a
lower level. Farther west the lowest buff mudstone lies higher in
the section, owing to lensing and to a change in color, apparently at
this horizon. The lensing out is clearly shown in sec. 24, T. 30 S,
R. 23 E., and adjoining parts of the north slope. East of section 24
the lowest buff mudstone over a distance of several miles lies 40 to
50 feet above the bed designated limestone B, which is at the top of .
the uppermost mudstone in the lower part of the Tulare formation.
(See pl. 1.) On the east slope of the high ridge in the middle of
section 24, however, this bed lenses into sand, and the first buff mud-
stone above limestone B lies about 40 feet higher. Farther west on
the ridge in section 24 this bed in turn disappears, and a search for
a satisfactory mudstone to map as the base of the upper part leads
higher and higher in the section to a bed 125 feet above limestone B.
In the western third of the hills a grayish mudstone lying 60 to 80
feet below the lowest prominent buff bed was mapped as the base of
the upper part in an attempt to maintain essentially the same strati-
graphic level as farther east, for, according to the position of lime-
stone B near by, the change in color seems to take place higher in
the section.

In the eastern part of the hills the second buff mudstone above
the base of the upper part carries at its top a bed designated lime-
stone A, which was used as a datum bed for drawing the structure
contours. This limestone is well exposed in the western part of sec.
3, T.31 8., R.24 E. (see pl. 7, B), which is taken as its type locality.
As shown on Plate 1, it was mapped westward along the crest and
down the south slope. It also crops out as the higher one of two
limestones on the narrow little anticline along the south edge of the
hills west of the Carman road. In the second stream gap from the
west end of this anticline it consists of two beds of limestone sepa-
rated by an interval of 5 feet of mudstone. It probably is this lime-
stone that forms long bare dip slopes on the south limb of the Barno-
don anticline along the north edge of Buena Vista Hills, on the other
side of Buena Vista Valley, where its thickness is as much as 5 feet.
This bed lies in the zone of calcareous beds on the north slope of the
Buena Vista Hills described and mapped by Pack.'® Along the crest
of the Elk Hills limestone A was not found farther east than the
western part of sec. 3, T. 831 S., R. 24 E., though the mudstone that
carries it was mapped, and in the northern part of sec. 31, T. 30 S.,
R. 25 E., on the north slope, a thin limestone was found at this
horizon over a small area. This mudstone forms conspicuous out-

18 Pack, R. W., The Sunset-Midway oil field, Calif.,, pt. 1, Geology and oil resources:
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crops on several tonguelike ridges in the southeast corner of sec. 6,
T.318S., R.25 E.

The third buff mudstone above the base of the upper part of the
Tulare formation lies 25 or 30 feet above limestone A and is the
highest buff bed along the crest in the eastern part of the hills.
Where limestone A crops out this bed can readily be recognized as
the next overlying mudstone. It is well exposed on the first ridge
north of the crest road in the northwest corner of sec. 3, T. 31 S., R.
24 E., where for a short distance it dips 4° or 5° SE., toward a fault.
(See pl. 7, B.) In this area the overlying sand is the highest bed
along the crest of the hills. Farther east the mudstone itself caps the
highest hills, and at the east end it apparently has been eroded off.

In sec. 31, T. 30 S., R. 24 E., and farther west along the crest a
still higher mudstone, the fourth one above the base of the upper
part of the formation, crops out. Its base lies 50 or 55 feet above
limestone A. The sand overlying this bed forms much of the surface
of sec. 36, T. 30 S., R. 23 E., and adjoining sections to the south and
west. The same bed or one lying at about the same horizon—the
outcrops are not continuous—is the highest thick mudstone in the
western third of the hills, and the overlying sand is generally the
highest bed along the crest, though here and there a thin mudstone
lies in this sand. v

It is apparent from the preceding paragraphs that the thickness
of the upper part of the Tulare formation remaining along the crest
of the hills increases westward. In the eastern part the maximum
thickness is only between 90 and 100 feet, whereas in the western
part it is about 150 feet. Beds higher than any along the crest,
representing a total thickness of about 450 feet for the upper part
of the formation, crop out along the edge of the hills, the thickest sec-
tion being found along the south edge of the eastern part, where a
stadia traverse in secs. 9 and 16, T. 31 S., R. 24 E., gave a thickness
of 465 feet for the upper part. These beds, like those along the crest,
consist of alternating sands and buff mudstones.

Leithology—The hardened muds are the most conspicuous beds in
the upper part of the Tulare formation. These beds are massive
and range in thickness from 10 to 40 feet, but most of them are 20
to 25 feet thick. They have a rather uniform light-buff color (17’ f
of Ridgway’s “ Color standards”). When moistened the mud swells,
and when wet it is very plastic. Weathered surfaces slack and crum-
ble and are covered with a thick coat of powdery dust, especially on
gentle slopes, but in excavations and stream cuts the mud is firm
and hard.. Therefore the term mudstone is used for this rock. The
weathered, almost bare slopes, where the beds are usually seen, give
an erroneous impression of soft material. The mudstones are harder
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than the sands between which they lie and form steeper slopes.
Except on north slopes, they support only a sparse growth of vegeta-
tion or are quite barren, in contrast with the sands, on which the
vegetation is heavier. Plate 7, B, shows this difference in vegetation
on the first ridge north of the crest road in the northwest corner of
sec. 3,"T. 31 S., R. 24 E. The mudstone in this view is the third
one above the base of the upper part of the Tulare formation. The
value of the contrast in vegetation as an aid in mapping is force-
fully realized in the developed areas, where the vegetation has been
cleared off as a precaution against the spread of fire. Iven the
finest mudstones examined contain relatively coarse detrital material,
which consists principally of angular grains of quartz and feldspar
and of flakes of mica. At places they are sandy, and an entire bed
may grade into silty sand or may lens out between beds of sand.
Almost all these buff mudstones carry thin layers of marlstone or
limestone, which usually lie at the top of a bed but may be near the
base or middle. Gradations from calcareous mud through marlstone
to limestone are apparent in the same bed. These calcareous layers
can be traced by the small nodular pieces of marlstone or larger and
harder pieces of limestone strewn along the outcrop. Limestone A,
the datum bed, is the only relatively thick limestone in the upper part
that extends over a considerable area. It generally is not more than
1 foot thick, but the thickness is variable, as the bed pinches and swells
in an irregular fashion. Pieces of limestone strewn along the out-
crop give the impression that the bed is of uniform thickness, but
fresh exposures, such as the cut along the crest road in the southwest-
ern part of sec. 32, T. 30 S., R. 24 E., show that it consists of irregular
masses of limestone embedded in mudstone. ‘The mudstone in which
it lies is olive-gray, though the rest of the bed is buff. This limestone
is either soft and chalky or hard, the latter condition being probably
due to secondary cementation. It has a dense earthy appearance and
is dirty white or slightly cream-colored. The rock is composed of
very fine grained calcite, in which are scattered grains of quartz,
rather fresh feldspar, and a few flakes of mica. Small cloudy masses
seen in thin sections represent clayey material, and when the rock is
treated with acid a relatively large percentage of clayey residue re-
mains. The hard rock is full of minute cavities, many of which are
lined with relatively coarse grains of calcite. Clusters of coarse cal-
cite grains probably represent completely filled cavities. A specimen
of the limestone collected along the south side of the crest road near
the west line of sec. 3, T. 31 S., R. 24 E. (locality plotted on pl. 1),
carries scattered broken vegetative remains of Chara, a lime-secreting
alga that lives in the quiet waters of ponds, lakes, and brackish-water
lagoons. These remains, which probably represent both stems and
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branchlets, have a length of 3.5 to 4 millimeters. They show hardly
any torsion. The diameter of six pieces examined in thin sections
ranges from 150 to 450 microns. Forty rows of cortical cells were
counted on a section that has a diameter of 400 to 450 microns. Curi-
ously enough these remains are silicified, though the rock itself is not
at all silicified. Although the broken stems and branchlets are abun-
dant, not a single node of fruit was found. Strange as this may
seem, it is apparently not unusual, for years ago the United States
National Museum received from a correspondent at Reno, Nev., a
cigar box of material that consisted of nothing but Ckaerae internodes
and branchlets.

So far as gross features are concerned, the sands lying between the
mudstones are very much alike, except that some contain more pebbles
than others and the pebbles may represent a greater variety of rocks.
The sands are grayish, and most of them are thinner than the mud-
stones. Unlike the mudstones, they generally are not consolidated.
Even in fresh excavations the grains are easily dislodged and can be
scooped out by hand, though at places a layer, generally at the base
of a bed, may be cemented. Fresh exposures, such as the pit shown in
Plate 8, show that the sand is cross-bedded, and wherever the foreset
beds could be clearly seen they dip northeastward. All the sands in
the upper part, like those in the lower part, carry courses of gravel
made up of small pebbles, which appear as pockets and irregular
stringers when seen in section. (See pl. 9, B.) Pieces of light-
colored siliceous shale are the most abundant of the pebbles. Most of
these pieces are thin and crudely rectangular and have rounded ends,
others are disk-shaped, and others are sharp-edged splinters. Al-
though virtually all the sands contain pieces of siliceous shale, some
have a greater proportion of rounded pebbles consisting of granitic
and other igneous rocks, chert, quartz, and sandstone. One layer in
a bed of sand may contain a variety of relatively coarse pebbles, and
another layer in the same bed may contain only small pieces of
siliceaus shale. Even the largest pebbles are not more than 6 to 8
inches in diameter. The sands lying at the top of the Tulare forma-
tion along the south edge of the hills have a greater variety of pebbles
than the underlying sands, and the pebbles are larger. Some of these
sands form miniature cuestas, and the numerous pebbles lying on the
dip slope, which represent a natural gravity concentrate, give an
erroneous impression that the beds are gravel. The sand itself varies
in texture and in degree of sorting. Much of it is dirty and poorly
sorted, but some of it is very clean. It is generally well stratified.
The beds of sand contain a large amount of unweathered feldspar.
Here and there are very thin black streaks that represent concentrates
of heavy minerals.
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Stratigrophy—The lower part of the Tulare formation, like the
upper part, consists of alternating beds of sand and mudstone. In
the eastern part of the hills the uppermost mudstone is the highest
olive-gray bed. Farther west over a large area on the north slope
this mudstone carries at its top limestone B (see pl. 1), which is well
exposed in the western part of the area where it was mapped. Plate
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