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ABSTRACT

A stratigraphic study of the Monterey Group in the East San Francisco Bay
Region, California, indicates that a depositional basin began to subside in early to middle
Miocene time. The Miocene sea transgressed from the west or southwest, and the area
subsided to a possible water depth of 500 to 2,500 m.

The Monterey Group within the study area is a time-transgressive sequence of six
sandstone and shale formations. Stratigraphic cycles of interbedded sandstone and shale
formations are related to the amount of terrigenous sediment input into the basin as well
as the depositional environment. During periods of low terrigenous sedimentation,
biogenetic sedimentation in the form of diatomite layers were interbedded with
hemipelagic muds and thin turbidite sands. These diatom-rich sediments were probably
deposited within the upper bathyal zone (180 to 500 m) and, during lithification,
diagenetically altered to form siliceous shales and cherts. As terrigenous sedimentation
increased, probably due to periodic uplift east of the study area, biogénetic
sedimentation was masked until finer grained sediment at a lower rate of depos.ition
reoccurred. As the basin filled and a higher energy environment prevailed, coarse-
grained sediment was again deposited until a lower energy environment resumed.

Three types of inorganic phosphate are present within the study area: nodular,
pelletal, and pebbles of sandy phosphatic mudstone. The nodular phosphate is associated
with the siliceous shale formations and formed within diatomite layers before
compaction and lithification. The other two types of phosphate are found within the
sandstone formations and probably originated in a shallower, higher energy environment
than the siliceous shales.

Faulting was active during middle to late Miocene time. The change in
stratigraphic thickness across the Mission fault is 350 m which may approximate the
vertical (?) displacement along this fault. This displacement took place in middle to

upper Miocene time and apparently caused erosion of the upper formations of the



Monterey Group on the west side of the Mission fault before the Briones Formation was
deposited in late Miocene time. Depositional thinning of the Monterey Group in the

southern portion of the study area may imply that the Hayward and Calaveras faults

were also active at this time.

INTRODUCTION

This investigation was conducted as a part of the U.S. Geological Survey's
California Phosphorite Program. The investigation was concentrated on the Monterey
Group in the study area because it contains variable amounts of phosphatic material and
is the northernmost known extension of the middle Miocene phosphatic facies in
California (Dickert, 1966). Rock units stratigraphically above and below were examined
only to determine age and contact relationships with the Monterey Group.

The major objectives of this study were: (I) to define stratigraphic relationships
between the formations of the Monterey Group, (2) to describe the environment of
deposition of the phosphatic members of the Monterey Group, and (3) to determine the
distribution and mode of origin of the phosphatic material within the Monterey Group.

The study area consists of 3,740 kmZ2 (440 mi2) in the East San Francisco Bay
Region, hereafter referred to as the East Bay Region. It is within the Diablo Range and
is approximately 22 km (14 mi) wide and 170 km (106 mi) long, located between 38°06'00"
and 37°24'00" N., and is approximately bounded by the Hayward and Calaveras faults (fig.
D.

The Monterey Group within the study area consists of six interbedded sandstone
and shale formations (in ascending stratigraphic order): (1) Sobrante Sandstone, (2)
Claremont Shale, (3) Oursan Sandstone, (4) Tice Shale, (5) Hambre Sandstone, and (6)
Rodeo Shale. The formations have been folded into a series of northwest-trending
anticlines and synclines, many of which are overturned and faulted (pl. 1). The dips of the

Monterey strata are rarely less than 40°, and overturned layers are common. The study






area has low to moderate relief and a thick (8 m or more) weathered profile. Exposures
of these formations are very poor. Stratigraphic sections were measured and sampled in
the larger canyons, highway cuts, and fire trails where bedrock was exposed normal to
the strike of the formations. For covered areas between sections of the formations and
for weathered portions of the measured sections, a trailer-mounted 10 HP auger was used
to obtain unaltered samples containing identifiable foraminifera.

Eleven stratigraphic sections were measured within the Monterey Group (pls. | and
2), and two stratigraphic sections were taken from the literature (Bramlette, 1946). The
stage names of Kleinpell (1938) and the the time scale of Arnal (1976, fig. 2) were used
for correlation between measured sections.
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PRE-MONTEREY GROUP ROCKS

The Pre-Monterey Group rocks in the East Bay Region consist of three distinct
units: (1) Franciscan rocks, (2) Cretaceous rocks, and (3) lower Tertiary rocks. The
depositional contact between the Monterey Group and older rocks is a distinct angular
unconformity and is best exposed on the north side of Calaveras Road in the quarry
where section 3 was measured (Plate 1). The angular discordance between the Monterey
Group and the underlying Cretaceous rocks at this locality is 27 degrees.

Franciscan rocks consist of a tectonic mixture of graywacke, pillow basalt,
radiolarian chert, and serpentinite that may have originated in an ocean trench
(Hamilton, 1969). Within the study area, the Monterey Group does not rest depositionally
upon Franciscan rocks; however, it is in depositional contact with Franciscan rocks
outside the study area, east of the Calaveras fault and north of Calaveras Reservoir
(Dibblee, 1972). Inasmuch as no new information about Franciscan rocks is presented in
this paper, the reader is directed to the publications by Irwin (1957), Durham (1962), and
Bailey and others (1964) for detailed studies of the Franciscan rocks.

Cretaceous rocks exposed within the study area were first studied by Lawson
(1914). Later workers related these rocks to the Late Jurassic to Late Cretaceous Great
Valley Sequence (Bailey and others, 1964). The Great Valley Sequence within the study
area consists of 7,575 to 9,091 meters (25,000 to 30,000 ft) of interbedded sandstone,
mudstone, and conglomerate (Perkins, 1975) which structurally overlies the coeval
Franciscan rocks along a complex regional thrust fault (Barbat, 1971; Dickinson and Rich,
1972); the Great Valley Sequence within the study area is considered to be a klippe of this
thrust.

Of the three fossil localities found within rocks older than Miocene age, only two
were age diagnostic. In section | (pls. 1 and 2), in Alum Rock Canyon, rocks mapped as
the Berryessa Formation (Crittenden, 1951) yielded coccoliths of Cenomanian or Turonian

(Upper Cretaceous) age (J. D. Buckry, written commun., 1976). In section 7, just north of



the town of Niles, a siltstone stratigraphically above (?) the Oakland conglomerate as

mapped by Hall (1958) yielded Buchia piochii (Gabb) or B. Unicitoides (Pavlow) of Late

Jurassic or Early Cretaceous age (D. L. Jones, written commun., 1976).

Rocks of Oligocene age underlie the Monterey Group in the vicinity of Oursan
Ridge (Lutz, 1951). The name Concord Formation was first used by Clark (1918) for these
rocks. In section 12 on Oursan Ridge (pl. 1), the Concord Formation is completely covered
or was not recognized.

MONTEREY GROUP

Lawson (1914) designated the middle Miocene rocks in the study area the Monterey
Group and divided it into seven formations (in ascending stratigraphic order): (1) Sobrante
Sandstone, (2) Claremont Shale, (3) Oursan Sandstone, (4) Tice Shale, (5) Hambre
Sandstone, (6) Rodeo Shale, and (7) Briones Formation. Subsequent workers have noted a
faunal similarity between the Briones Formation and the San Pablo Group (Clark, 192l;
Trask, 1922; Weaver, and others, 1944). These workers include the Briones Formation into
the San Pablo Group. Throughout most of the study area, the Briones Formation rests
conformably upon the Hambre Sandstone or Rodeo Shale formations of the Monterey
Group. In section 7 (pls. 1 and 2), the Briones Formation rests unconformably upon the
Claremont Shale. The contact between these formations is erosional with no apparent
angular discordance. This relationship is also present in sections | and 2 (pls. 1 and 2). On
the basis of the faunal evidence and the unconformable relationship between the Briones
Formation and the Claremont Shale in certain portions of the study area, the Briones
Formation, for this investigation, will be included into the San Pablo Group and not
investigated in detail. The generalized stratigraphic sequence of the Monterey Group is
presented in figure 3.

Monterey rocks throughout California are typified by siliceous shales and cherts
(Bramlette, 1946). In the East Bay Region, however, these siliceous shales and cherts are

interbedded with sandstone units of formational rank. This is why the Monterey is
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classified as a group in the East Bay Region instead of a formation as it is elsewhere in
California.

Sobrante Sandstone

The term Sobrante Sandstone was first used by Lawson (1914, p. 10) for the basal
formation of the Monterey Group. He designated the type area of the formation to be
Sobrante Ridge, Contra Costa County.

Clark (1915, p. 12), recognizing an unconformity within the Sobrante Sandstone in
the type area, found the rocks below the unconformity to be Oligocene in age and named
those above the unconformity the "Sobrante Sandstone." In [918, he further divided the
Oligocene into the San Ramon Formation, the Kirker Tuff, and the Concord Formation.
All references to the Sobrante Sandstone in this paper will be understood to follow
Clark's terminology.

Lutz (1951) found no Sobrante Sandstone exposed on Sobrante Ridge. He proposed
the section along Bear Creek Road, near Oursan Ridge in Contra Costa County, as the
type locality. Here the Sobrante Sandstone is conformably overlain by the Claremont
Shale and uncornformably underlain by the Concord Formation of Oligocene age. The
thickness of the Sobrante Sandstone in the type section exceeds 36 m (117 ft).

Distribution and thickness. The thickness of the Sobrante Sandstone varies considerably

throughout the study area (pl. 2). The thickest section is in Dublin Canyon, where 112 m
(370 ft) are exposed; here the lower 30 m (100 ft) may be equivalent to the San Ramon
Formation of Oligocene age, on the basis of one poorly preserved megafossil
(W. O. Addicott, oral commun., 1976). North of Dublin Canyon, the Sobrante Sandstone
decreases in thickness from 59 m (191 ft) in Claremont Canyon to 36 m (117 ft) (Lutz,
1951) along Bear Creek Road, on the south side of Lawson Hill. No fossils were found in
the Claremont Canyon section. The lithology of these rocks is very similar to that of the
Sobrante Sandstone exposed elsewhere within the study area (see Appendix A). These
rocks are included in the Sobrante Sandstone on this basis. Older rocks of lithology

similar to that of the Monterey Group may be included in the section.
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South of Dublin Canyon, the Sobrante Sandstone also thins and is 30 m (100 ft)

thick at the quarry on Calaveras Road (pl. 2, col. 3) and 9 m (30 ft) thick at Alum Rock
Park (pl. 2, col. 1). At three other measured sections (pl. 2, secs. 4, 5, and 7), the
sandstone unit is not recognized.
Lithology. In outcrop, the Sobrante Sandstone is typically a massive, jointed, hard to
friable, very fine- to fine-grained rarely medium to coarse-grained arkosic, lithic
sandstone which is light gray on a fresh surface to rust brown on a weathered surface. It
is easily distinguished from the underlying Cretaceous rocks by its lighter color, lack of
bedding, and the absence of wrinkled biotite. The abundant dark lithic fragments give
the sandstone a salt and pepper appearance.

The contact between the Sobrante Sandstone and older rocks is best exposed in a
quarry on the north side of Calaveras Road where section 3 (pls. 1 and 2) was measured.
The Sobrante Sandstone overlies the Cretaceous Berryessa Formation with a distinct
angular unconformity of 27 degrees. Pholads have burrowed extensively perpendicular to
the erosional surface between the Berryessa Formation and the Sobrante Sandstone. The
pholads are too poorly preserved to identify but range in size from 2 to 5 cm in
diameter. The burrows, filled with sand from the overlying Sobrante Sandstone, appear
to be as much as 0.6 m (2 ft) long. No basal conglomerate or beds of conglomerate were
observed within the Sobrante Sandstone. Well-rounded pebbles of brown chert and white
quartzite up to 1 cm in diameter are scattered throughout the upper 30 m (100 ft) of the
Sobrante Sandstone of Dublin Canyon, along with carbonized wood fragments, fish scales,
and occasional bone fragments.

Beds of conglomerate 2.7 to 4.6 m thick (9 to 15 ft) are present within the
Sobrante Sandstone in the eastern portion of the study area southeast of Martinez in the
Pacheco Syncline (Lutz, 1951), and in the vicinity of Castle Hill west of Walnut Creek
(Ham, 1952). The conglomeratic beds contain acid plutonic rocks, white quartzite, pale

green chert, plagioclase, andesite, purple chert, gray marble, dark gray-green quartzite,
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red chert veined by quartz, red slate, and buff sandstone (Cretaceous?); some of these
may have been in part derived from Franciscan material (Ham, 1952).

The Sobrante Sandstone, at the contact in section 3 (pl. 1 and 2), is a fine- to
medium-grained sandstone that contains tabular clasts of bluish-gray Berryessa siltstone
up to 2 cm long. These clasts are abundant in the lower 10 cm of the bed and display a
distinct imbrication indicating a current once flowed from the southwest to the

northeast. Pecten haywardensis calaverasensis (Lutz, 1951) was found approximately 6 m

(20 £t) above the contact between the Berryessa Formation and the Sobrante Sandstone.
The fossil was not in life position, and only one valve was present.

Sedimentary structures are uncommon in the Sobrante Sandstone. Small-scale
cross beds and parallel laminations are the only structures present in section 3.

In the Hayward quadrangle, just south of Dublin Canyon, an expsoure of Sobrante
Sandstone was found that contained carbonate concretions. These concretions are light
to dark gray and range from 14 to 50 cm in diameter.

The contact between the Sobrante Sandstone and the overlying Claremont Shale is
gradational. Fine- to very fine-grained sandstone grades into and becomes interbedded
with friable, brownish-gray, sandy shale or light- to medium-gray mudstones, which vary
in size from thin stringers to beds up to 3 m thick. The contact between the Sobrante
Sandstone and the Claremont Shale is drawn where siltstones and mudstones predominate
over fine-grained sandstones. These siltstones and mudstones grade upward into
interbedded opaline chert and siliceous shale of the Claremont Shale.

Six thin sections of the Sobrante Sandstone were examined, and point counts were
done on two. Results of the point counts are pt;esented in Appendix D. Stratigraphic
locations are found on plate 2. Microsopic examination indicates that 24 to 35 percent of
unstable grains have altered to sericite or clay. The remaining grains are angular to
subangular, sometimes subrounded, and are composed predominately of volcanic rock

fragments, plagioclase, chert and quartz, with minor amounts of orthoclase, microcline,
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and silt. The volcanic rock fragments make up almost 30 percent of the rock and are of
two types: I) Franciscan spilite (Ham, 1952), and 2) volcanic grains with textures similar
to those of Mesozoic dacites and rhyolites presently found in the Sierra Nevada (R. L.
Rose, oral commun,, 1976). No distinction between these two types was made in the
point counts. Some of the volcanic grains stain for potassium feldspar, possibly due to
their alteration to potassium-bearing clays. Plagioclase grains make up approximately 20
percent of the rock; they are angular to subangular, predominantly andesine, rarely
oligoclase or labradorite, and are usually unzoned. Some grains are fractured, and
alteration to sericite or clay is conmmon. Subrounded chert grains usually constitute
five to ten percent of the unaltered grains. They are similar in size and texture to chert
grains found in the Cretaceous rocks within the study area. Quartzite grains are present
in trace amounts and were counted as chert. Angular to subangular grains of quartz
usually make up less than 10 percent of the rock. These grains are sometimes fractured,
and less competent volcanic grains are deformed against them. Quartz grains are stained
and display a 2V of five to ten degrees. Alteration of quartz to sericite is very rare,
occurring only at the edge of grains.

Accessory minerals that usually make up less than one percent of the rock are
glauconite, green and brown hornblende, opaque minerals, biotite, and zircon. Notable
exceptions are: 1) In a sample from a carbonate concretion found within the Sobrante
Sandstone in Crow Canyon (pls. | and 2, sec. 9), green and brown hornblende make up
almost two percent of the detrital grains. Carbonate matrix in this sample makes up 46
percent of the rock. Within carbonate concretions, hornblende and other unstable
minerals are somewhat protected from alteration effects of solutions within sedimentary
layers (Bramlette, 1941). Therefore, the amount of hornblende in this sample is probably
near to that at the time of deposition. 2) Near the top of the Sobrante Sandstone in
section 3 (pls. I and 2), glauconite composes more than 75 percent of several beds that

are .3 to 1.25 m thick. Well-rounded pebbles of phosphate rock up to 2 cm in diameter
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constitute almost two percent of these beds; fine sand, silt, and clay make up the
approximately 20 percent remaining.

The Sobrante Sandstone is a very immature sandstone. It is very compact and
grain-supported with voids between grains filled by sericite or clay. In some cases, the
boundaries of grains replaced by phyllosilicates can still be distinguished.  The
compaction of the Sobrante Sandstone is probably partly tectonic in nature. Plagioclase
and quartz grains are some times fractured, and less competent volcanic grains are
deformed around quartz grains into a type of pseudomatrix (Dickenson, 1970).

Age and correlation. Lutz (1951, p. 383) using megafossils collected from the type section

just south of Lawson Hill, correlated the faunas of the Sobrante Sandstone with the
Temblor Formation of California and the Astoria Formation of Oregon and Washington.
The foraminifera he found indicated that the Sobrante Sandstone is not older than
Relizian nor younger than Luisian in age.

Megafossils collected throughout the study area within the Sobrante Sandstone
show it to be equivalent to the Temblor stage of the Pacific Coast chronology
(W. O. Addicott, written commun., 1976). Foraminifera of the Sobrante Sandstone
indicate a Relizian age in the Oursan Ridge area (P.B. Smith, written commun., 1966) and
a Luisian age in the Dublin Canyon area (K. A. McDougall, written commun., 1976). In
the southern portion of the study area, in Alum Rock Canyon, nannofossils from a
mudstone lying 4.6 m stratigraphically above the top of the Sobrante Sandstone are of
Oligocene or early Miocene age (J. O. Buckry, written commun., 1976). The age of the
Sobrante Sandstone and its relationship to other formations of the Monterey Group is
summarized in figure 3.

Claremont Shale

The Claremont Shale, first described by Lawson (1914), was named for exposures in
Claremont Creek in the Concord quadrangle east of Berkeley, California. The type

section for the Claremont Shale is designated for this study to be in Claremont Creek,
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east of Berkeley, California; the measured section appears in plate 2 (sec. 10) and
lithologic descriptions can be found in appendix A. Contact relationships between the
Claremont Shale and the formations that lie conformably above and below it are not
exposed in Claremont Canyon, but are well exposed in Morrison Canyon in the Niles
Quadrangle. The stratigraphic section in Morrison Canyon is here defined as a Reference
Section; the measured sections appears in plate 2 (sec. 6) and lithologic descriptions are
in Appendix B.

Distribution and thickness. The siliceous nature of the Claremont Shale makes it the

most distinctive and widespread unit of the Monterey Group. The thickness of the
Claremont Shale varies throughout the study area. In the Reference Section in Morrison
Canyon (sec. 6), it is 116 m (384 ft) thick, and in the type section in Claremont Canyon,
it attains its maximum thickness of 300 m (989 ft). The lithologic character of the
Claremont Shale in both areas is almost identical. However, the top of the Claremont
Shale in Claremont Canyon has been removed by post-Monterey erosion, and the total
thickness at the time of deposition cannot be estimated. This post-Monterey erosion
affects the Monterey Group for 1.6 km (1 mi) north and 11.2 km (7 mi) south of Claremont
Canyon and also affects the areas around sections | and 7.

The thinnest non-eroded section (40 m thick) of the Claremont Shale is located in
the northern portion of the study area on Oursan Ridge (sec. 12). The formation consists
of porcellanites interbedded with siliceous shales similar to those in the Tice Shale in
Morrison Canyon. Its stratigraphic position above the Sobrante Sandstone defines this
unit as the Claremont Shale.

Lithology.  Throughout the study area, the Claremont Shale is characterized by
interbedded opaline cherts and siliceous shales with, in most localities, minor amounts of
interbedded porcellanite, siltstone, and mudstone. The abundance of each lithologic type

appears to be related to stratigraphic position and topographic location.
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The siliceous shales, porcellanites, and cherts which characterize the Monterey
Group are thought to originate from diatomaceous deposits (Lawson, 1914; Taliaferro,
1933, 194l; Bramlette, 1946; Murata and Larson, 1975). After burial, diatomite layers
diagenetically alter to form chert, porcellanites, and siliceous shales. The complete
diagenetic sequence is exposed in Chico-Martinez Creek and was investigated by Murata
and Larson (1975). They defined three distinct depth-controlled zones characterized by
different forms of silica. These zones are, in descending stratigraphic order: (1) biogenic
opal zone, with remains of diatoms and other siliceous organisms; (2) diagenic
cristobalite zone; and (3) diagenetic quartz zone. The general relation, in the Monterey,
of diagenetic alteration to depth of burial suggests that moderate load and dynamic
metamorphism tends to produce porcellaneous shale and that greater metamorphism
tends to produce denser cherty rocks (Bramlette, 1946). This relationship of depth of
burial to lithologic type is probably represented in sections 6 and 7. In section 5, in
Morrison Canyon, the Monterey Group is 479 m (1,580 ftXpl. 2) thick with the Briones
Formation conformably overlying it. The Claremont Shale in section 5 is composed of
interbedded chert and siliceous shale. In section 7, the Claremont Shale is the only
Monterey unit present, and it is unconformably overlain by the Briones Formation. The
Claremont Shale in section 7 is 130 m (425 ft) thick and is composed of interbedded
porcellanites and siliceous shales. The difference in thickness of the total Monterey
Group in these localities indicates that in section 7 possibly as much as 335 m (1,110 ft)
of Monterey was eroded above the Claremont Shale before deposition of the Briones
Formation. This difference in overlying thickness was apparently enough to cause the
difference in lithology present in sections 6 and 7.

The cherts within the Claremont Shale are well bedded, the beds ranging from | to
more than 85 cm thick. They are hard, jointed or fractured, black to pale brown when
fresh, light gray to white when weathered, and are usually stained with limonite.

Foraminifera within chert layers are rare, and pyrite is usually present in trace
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amounts. Fractures or partings within the chert and siliceous shales are often filled with
secondary gypsum. Other less abundant secondary minerals found within the Claremont
Shale are jarosite and vivianite. These minerals were identified by x-ray diffraction
methods. The chert has a smooth surface, an even to conchoidal fracture, and vitreous
to dull luster. While the chert layers are slightly silty or clayey, no gradations from
chert to siliceous shale were seen within any one bed.

The chert beds sometimes contain lozenge-shaped phosphate nodules that range in
width from less than | mm to several centimeters and are less than | cm thick. The light
and dark laminations found within many of the chert beds are parallel to the bedding and
are composed of organic debris of various densities (Bramlette, 1946). This organic debris
gives the Claremont cherts and shales their dark color. Laminations within the chert
horizons are laterally continuous and are probably depositional features. Deformation
occasionally is seen in these laminations. Such deformation must have been produced
prior to lithification. Two types of deformational structures are defined by the
laminations: (1) minor slump-folds, usually overturned, with amplitudes less than 4 cm,
and (2) inclined laminations that look very much like ripple crossbeds, with amplitudes
less than 2 cm.

The distribution of laminations within the chert does not seem to follow a
stratigraphic pattern. Laminated cherts are often interbedded with nonlaminated chert
layers. These nonlaminated cherts are similar in thickness to the laminated variety, but
they are not as abundant and are homogeneous in color. The occurrence of phosphate
nodules does not seem to be related to the presence or absence of laminations.

The chert of the Claremont Shale is interbedded with shale that is well bedded,
brittle to friable, black to brown to light gray, and forms beds averaging 1 to 5 cm
thick. These shale interbeds can be as thick as 3.8 m, as found in Claremont Canyon
(sec. 10). These thick shale horizons usually occur at the top or bottom of the Claremont

Shale. The clay fraction consists of montmorillonite and chlorite with smaller amounts
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of koalinite (C. E. Gutmacher, written commun., 1976). The shale contains small amounts
of foraminifera that are usually extensively weathered. In many cases, only siliceous
internal molds or limonite-stained casts remain. The amount of siliceous cement within
the shales is variable and is probably related to the hardness of the shales. Porcellanite
is a silica-cemented rock that is less hard, dense, and vitreous than chert. Such rock has
minute pore spaces which usually give it a dull or matte luster resembling that of
unglazed porcelain (Murata and Larson, 1975). Porcellanites within the study area are
well bedded, in layers | to 10 cm thick, are hard, slightly porous, and gray to light brown
with a dull luster. They break with a smooth to conchoidal fracture and are sometimes
slightly sandy. Light gray to white chert layers .5 to 5 mm thick are occasionally found
within porcellanite layers. The porcellanite layers are interbedded with chert layers,
elsewhere within the study area.

Siltstone and mudstone are not as abundant as the other rock types in the
Claremont Shale. Siltstones are moderately well bedded, in beds from .3 to 7.6 m thick,
hard, light brown to gray, noncalcareous, and slightly sandy with very fine-grained sand.

Mudstones are usually well bedded, light gray to medium gray, blocky, and slightly
shaley and sandy with locally abundant, medium sand-sized, glauconite grains. They are
noncalcareous and contain scattered fish scales and bones. Mudstones are usually found
in the contact between the Sobrante Sandstone and Claremont Shale. Sandstones grade
upward into mudstones, and the mudstones grade into chert and siliceous shales. The
thickness of the mudstones varies throughout the study area. They are usually not
recognized, except in section 3, where the mudstone member is approximately 6 m (20 ft)
thick. This member thickens south of section 3 and is over 60 m (200 ft) thick in section
l'in Alum Rock Canyon.

Sandstone beds are rare within the Claremont Shale and usually are not more than
0.8 m (2.6 ft) thick. The sandstones are hard, jointed, light gray to rust brown, fine- to

medium-grained, and well sorted with subangular grains of quartz, feldspar, scattered
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dark grains, and, in one case, brown, well-rounded phosphate pellets. These sandstone
beds contain no visible internal structures, are noncalcareous, and are usually stained by
limonite. These sandstone beds occur randomly through the Claremont Shale.

Sandstone dikes. Sandstone dikes cut the bedding planes of the Claremont Shale at

angles ranging from perpendicular to almost parallel to bedding. These clastic dikes
were found in sections 2, 3, and 10 but are most abundant in section 3. They range from |
cm wide and 5 cm long to over 5 m (16.5 ft) wide with unknown length. The dikes often
bifurcate to form a dendritic pattern.

The contacts between the sandstone dikes and the surrounding siliceous shales are
strongly sheared with sand injected into the shear planes. Clastic dikes contain angular,
laminated chert and siliceous shale fragments. These fragments range from 0.5 cm to
more than 1 m in length.

The presence of these angular chert fragments indicates that the sandstone dikes
probably intruded the Claremont Shale after it was lithified. The formation of sandstone
dikes may be related to strike-slip faulting of underlying competent basement rocks
(Peterson, 1966).

Mineralogy of the sandstone dikes is very similar to that of the sandstone beds
found within the Claremont Shale and of other sandstone formations within the Monterey
Group. The dikes consist of sandstone that is light gray to white, fine- to medium-
grained, with well-sorted angular to subangular grains of quartz, feldspar, dark lithic
fragments, and rare mica. In section 3 (pl. 2), dark lithic fragments within a large
sandstone dike were concentrated into flow bands 0.5 cm thick.

Carbonate concretions. Carbonate concretions and a few carbonate beds are distributed

throughout the siliceous shale formations of the Monterey Group (i.e., the Claremont
Shale, Tice Shale, and Rodeo Shale) in the study area. The carbonate concretions in
these formations are similar in size, shape, and composition. They are generally oblate

ellipsoids that have their long direction parallel to the bedding. They range from several
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centimeters to over 3 m (9.9 ft) in length and up to 0.6 m (2 ft) in thickness. The
concretions are sometimes interbedded with beds of carbonate rock that pinch and swell
along strike, probably because of compaction and lithification of the surrounding
sediment. The carbonate beds are also similar in color and composition to the
concretions and were probably formed under the same conditions.

Both the beds and concretions occur in distinct calcareous horizons that vary from
less than | m (3.3 ft) to over 9 m (29.7 ft) thick. The stratigraphic position of these
horizons cannot be correlated from one locality to another. Most of the concretions and
beds of carbonate are composed of dolomite; some are composed of calcite. All weather
a distinctive yellow-orange, which contrasts sharply with surrounding dark siliceous
shales. The concretions are highly resistant to weathering and often are the only exposed
rocks in the grassy hills.

Bramlette (1946, p. 2l) suggested that the concretions are diagenetic, formed
during the early stages of compaction and lithification. According to Murata anq others
(1969), calcite from foraminifera and other fossils was dissolved and redeposited along
certain favorable zones to form carbonate concretions.

The contact relationships between the concretions and the surrounding siliceous
deposits indicate that the concretions formed beneath the surface of the sediment, prior
to lithification. In most cases, this took place at a depth below that reached by
burrowing organisms. However, in one example from section 3, a carbonate concretion
had been intensively burrowed by organisms. These burrows range from 10 to 12 mm in
diameter and are filled with very fine-grained sandstone.

Age and correlation. The age of the Claremont Shale and its relationship to the other

formations of the Monterey Group is summarized in figure 3. In Alum Rock Canyon (pl.
2, sec. 1), nannofossils from a mudstone 4.6 m stratigraphically above the top of the
Sobrante Sandstone are of Oligocene or early Miocene age (J. O. Buckry, written

commun., 1976). This mudstone is exposed south of Alum Rock Canyon, and based on
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foraminifera, has been assigned a Saucesian age (R. L. Rose, oral commun., 1976). The
majority of age calls (Appendix C) indicates that the strongly siliceous portion of the
Claremont Shale probably began within the Relizian or Luisian.

In Dublin Canyon, a sample taken at the base of the lowest shale unit (pl. 2, sec. 8)
contained foraminifera of lower upper Mohnian age (R. E. Arnal, written commun.,
1977). In Crow Canyon, foraminifera of late Saucesian to early Luisian age were found at
the base of the Claremont Shale. This difference in age indicates that there is probably
a fault in Dublin Canyon at the top of Sobrante Sandstone which may cut out the
Claremont Shale (pl. 2) as suggested by the mapping of Hall (1958). The limited sequence
(pl. 2, col. 8) between microfossil localities Mf 3334 (Luisian) and Mf 3272 (lower upper
Mohnian) also suggests that the Claremont Shale is faulted out of the Dublin Canyon
Section. Therefore the name Tice Shale may be a more correct name for the shale unit
above the Sobrante Sandstone in Dublin Canyon.

Oursan Sandstone

The name Oursan Sandstone was first proposed by Lawson (1914) for the fine-
grained sandstone exposed between the Claremont Shale and the Tice Shale along Oursan
Ridge, northwest of Briones Valley in the Berkeley Hills.

Distribution and thickness. The Oursan Sandstone is present in most of the study area

except in sections I, 7, and 10, where it has been removed by post-Monterey erosion. The
thickest section of Oursan Sandstone is in the northern portion of the study area in
section 11, where it measures 152 m (500 ft) (Bramlette, 1946). The thinnest non-eroded
section is the southern area, in section 4, where it is 44 m (146 ft) thick.

Thinning and thickening of thé Oursan Sandstone is common. In the southwest
portion of the study area, the Oursan Sandstone forms channel-like bodies that appear to
thin very rapidly along strike to the north of section 3 (pl. ). Distinct flute casts or sole
marks that indicate a transport direction of N70°E are present near the base of the

formation and indicate that it is of probable turbidite origin.
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Lithology. The lithology of the Oursan Sandstone is remarkably uniform throughout most
of the study area. In outcrop, the Oursan Sandstone is usually composed of massive
sandstone that is light gray on a fresh surface and light to rust brown on weathered
surfaces. It is hard to friable, usually noncalcareous, slightly silty, and is composed of
very fine- to fine-grained, rarely medium-grained, subangular to subrounded grains of
quartz, feldspar, dark lithic fragments, and rare mica. In sections 4, 5, and 6, the Oursan
Sandstone becomes very silty and is interbedded with yellowish-brown siltstones that are
friable, very sandy, and weather spheroidally. The siltstones are found in layers up to 3
m thick.

Although sedimentary structures are rarely found within the Oursan Sandstone, on
Oursan Ridge it has parallel laminations composed of light and dark grains. The
laminations, I to 3 mm thick, sometimes define symmetrical ripple marks .8 cm in
amplitude and Il cm in wavelength; these yield a questionable flow direction of N20°E
and indicate a possible turbidite origin for this portion of the Oursan sandstone. In
section 3, the contact between the Oursan Sandstone and the underlying Claremont Shale
is sharp with fine- to medium-grained sandstones in contact with chert and siliceous
shales. In Morrison Canyon, this contact is also sharp, with silty sandstones directly
overlying chert and siliceous shales.

Five thin sections were made of the Oursan Sandstone. Four of these sections (pl.
2) were point counted, and the results are detailed in Appendix D. Lithologically, the
Oursan Sandstone is almost identical to the Sobrante Sandstone. The Oursan Sandstone is
very compact, possibly partly because of tectonic compression. Unstable feldspars and
volcanic fragments are partly altered to form a matrix of sericite or clay. This matrix
makes up between 5 and 54 percent of the rock (Appendix D). Plagioclase is
predominately andesine, with occasional labradorite. Potassium feldspars are
predominantly orthoclase with very minor amounts of microcline. Green and brown

hornblende usually are present in trace amounts except in a sample from a carbonate
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concretion in Crow Canyon, in which hornblende makes up 1 percent of the rock. Other
accessory minerals found within the Oursan Sandstone in trace amounts include zircon,
glauconite, pyrite, sphene, and staurolite. Well-rounded phosphate pellets were found
within the Orusan Sandstone in Dublin Canyon (pl. 2). These pellets make up less than |
percent of the rock (see phosphate occurrences). A chemical analysis of a sample from
the Oursan Sandstone in Dublin Canyon indicates that it contains 3 percent phosphorus
(Appendix E).

Age and correlation. The age of the Oursan Sandstone and its relationship to the other

formations of the Monterey Group is summarized in figure 3.

Microfossils are rare and poorly preserved within the Oursan Sandstone.
Foraminifera found within the Oursan Sandstone in the southern portion of the study area
indicate a Luisian to late Relizian age (K. A. McDougall, written commun., 1976).
Megafossils collected from Dublin Canyon (M 6610) are (W. O. Addicott, written
commun., 1976):

Nassarius sp.

Protothaca Tenerrima (Carpenter?)

Solen sp.

Spisula sp.

Tellina aff. T. Emacerata (Conrad)

These megafossils indicate an age of middle Miocene or younger and an environment
within the Neritic Zone (between low tide and 92 m (600 ft) in depth) (W. O. Addicott,
written commun., 1976). The Oursan Sandstone in the Dublin area was probably faulted
out with the Claremont Shale. In the northern portion of the study area, the Oursan
Sandstone is Luisian in age (Bramlette, 1946).
Tice Shale

The Tice Shale was named by Lawson (1914) for the bituminous, sometimes chalky

shale that crops out in Tice Creek, in the Concord quadrangle.



Distribution and thickness. The thickest section of the Tice Shale was measured in

Morrison Canyon (sec. 6) and is 155 m (510 £t) thick; the thinnest non-eroded section was
measured in section 3 (pls. | and 2) and is 44 m (146 ft) thick. Average thickness of the
Tice Shale within the study area is 86 m (283 ft). The Tice Shale is present throughout
most of the study area, except where it has been removed by post-Monterey erosion.

Lithology. The best exposures of the Tice Shale are located in Morrison Canyon in the
Niles quadrangle (sec. 6). Top and bottom of the formation in section 6 are well exposed
and conformable. The contact between the Tice Shale and the underlying Oursan
Sandstone is gradational as deposition gradually changed from the coarse-grained Oursan
to the fine-grained Tice. The Tice sedimentary sequence indicates a gradual change in
deposition of the basal sandy siltstones upward to silty, siliceous shales, porcellanites,
and scattered chert beds. Sandy siltstone found at the contact between the Oursan
Sandstone and the Tice Shale in section 6 is massive, spheroidally weathered, brittle to
friable, brownish-gray, very sandy, clayey, and has scattered carbonaceous fragments,
fish scales, and abundant weathered foraminifera. The abundance of poorly preserved
foraminifera continues throughout the formation. These sandy siltstones grade into finer
grained silty shales that are friable, brownish-gray, slightly sandy, and are interbedded
with hard, light gray to gray, strongly siliceous shales in layers up to 8 cm thick. The
siliceous shales grade into porcellanites and cherts similar to those found within the
Claremont Shale. The chert is well bedded in layers from |1 to 5 cm thick, is hard, dense,
and has a smooth to conchoidal fracture. It is light to dark gray, laminated, and
interbedded with brittle to friable, silty, siliceous shales that contain abundant
foraminifera. Nodules of phosphate 2 mm in diameter are rare and are only found within
the chert layers in the Tice Shale. Carbonate concretions are present within the more
siliceous portions of the Tice Shale and are similar to those found within the Claremont

Shale.
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Age and correlation. The age of the Tice Shale and its relationship to the other

formations of the Monterey Group is summarized in figure 3. The Tice Shale ranges in
age from Luisian (K. A. McDougall, written commun., 1976) in the southern portion to
Mohnian (Bramlette, 1946) in the northern and central portions of the study area.
Kleinpell (1938, fig. 14) has correlated the foraminiferal fauna of the Tice Shale with that
of the lower Mohnian Modelo Formation in the Los Angeles Basin.

Hambre Sandstone

Lawson (1914) first used the name Hambre Sandstone for the sandstone which crops
out in Arroyo del Hambre, in the Concord quadrangle.

Distribution and thickness. The Hambre Sandstone is present throughout the study area

except where it has been removed by post-Monterey erosion. The thickest measured
section of Hambre Sandstone is present in Crow Canyon (sec. 9) and is 183 m (605 ft)
thick. However, the Hambre Sandstone apparently thickens north of Crow Canyon; and
in the Briones Valley quadrangle, the thickness from mapped contacts is 485 m (1,600
ft). A minimum thickness of 55 m (180 ft) was measured in the southern portion of the
study area in section 3 (pls. | and 2). The average overall thickness of this formation is
176 m (580 £t).
Lithology. The gradational conformable contact between the Hambre Sandstone and the
underlying Tice Shale is best exposed in Morrison Canyon (sec. 6). The ourctop at this
locality is stained with jarosite. Porcellanite, chert, and interbedded siliceous shale of
the Tice Shale grade into brownish-gray to light gray, silty mudstone and sandy siltstone,
which in turn grade into spheriodally weathered, light gray, fine-grained, silty
sandstone. The contact between the Tice Shale and Hambre Sandstone is drawn where
sandstone predominates over siltstones and mudstones.

The lithology of the Hambre Sandstone is fairly uniform throughout the study
area. The formation is typically a massive, jointed sandstone, which has a spheroidal

weathering surface that is sometimes stained by jarosite or limonite. The sandstone is
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light gray to brown, very fine- to medium-grained, and slightly silty. It is usually non-
calcareous, with predominantly subangular grains of quartz and feldspar and well-
rounded, dark, lithic fragments. In section 6 (pls. | and 2) near the top of the Hambre
Sandstone, the sandstone is interbedded with yellowish-brown, friable, sandy siltstone in
beds .15 m (.5 ft) to .30 m (I ft) thick.

Five thin sections of the Hambre Sandstone were examined. Three were point
counted; the results are presented in Appendix D, and the stratigraphic locations are
displayed on plate 2. The microscopic texture and mineralogy of the samples of Hambre
Sandstone are very similar to those of the other sandstone formations of the Monterey
Group. The sandstone is very compact, probably in part due to tectonic compression.
Some feldspar and quartz grains are fractured. Less competent volcanic grains are
deformed about quartz grains, forming a type of pseudomatrix. Ten to about 40 percent
of the rock is matrix composed of unstable feldspar and lithic fragments that have
altered to sericite or clay. Silt makes up almost 22 percent of the rock in section 4. The
sandstone is made up of very fine- to medium-grained, angular to subrounded grains of
volcanic rock fragments identical to those found in the Sobrante Sandstone, plagioclase
that is predominantly andesine, and quartz that displays a 2V of up to 10 degrees.
Potassium feldspar, usually orthoclase, and chert grains compose up to 8 percent of the
rock.

The heavy minerals from the Hambre Sandstone were examined by Bramlette
(1941) who found that the percentage of heavy minerals present within the Hambre
Sandstone from the San Pablo area ranged from 2.2 percent within a carbonate
concretion, to 0.7 percent in the sand just outside the concretion. The difference is due
to the corrosive action of solutions within buried strata, which destroy unstable minerals
not protected within carbonate concretions (Bramlette, 1941). Bramlette (1941) identified
green and brown hornblende, epidote, ziosite, zircon, garnet, tourmaline, glaucophane,
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