nt high-sea-level
n their physical
hese systems are
he contemporary
cteristic of other
oks at only parts
few meters long
morphologies of
range of features
lt, extrapolation
iount of specula-
in sedimentation
relied on close
correlations be-
elopment of new

Foundation, the
Gary Ernst and
knowledged.

{E-MARGIN BASINS

Tor H. Nilsen

133 Madera Avenue
San Carlos, California 94070

PALEOGENE TECTONICS

AND SEDIMENTATION
OF COASTAL CALIFORNIA




ABSTRACT 125° 120° 115°

The paleogeography, paleotectonic framework, and depositional history of Califor-
nia's Paleogene basins are complex and influenced by many important factors.
Tectonism of various types and styles characterized the Paleogene, a time of
transition from a late Mesozoic Andean-type continental margin to a Neogene

Pacific /

transform-type margin. Uplift of source areas, formation of basins, and subsidence
of basins were controlled by: (1) active subduction that was oblique and at a
relatively low angle; (2) detachment and dispersal of fragments of the late Mesozoic 450l 2
continental margin; (3) accretion of exotic terranes; (4) uplift of Mesozoic
batholithic complexes; (5) development of local volcanic centers and migration of B
volcanic arcs; (6) regional uplift associated with the approach of the Pacific-Faral- Iy
lon spreading ridge and Mendocino fracture zone to southern California; and (7) /
initiation of a transform margin near the end of the Paleogene. / g
:/
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Paleogene source areas consisted mostly of uplands underlain by Mesozoic SN blp‘t’géu’s":'-: REDE

batholithic complexes in the Klamath Mountains, Sierra Nevada, Mojave Desert, ' (7

Basin and Range, and Peninsular Ranges provinces. The Great Valley forearc basin
evolved into two separate basins, the Sacramento and San Joaquin, divided by the
Stockton arch. Accretion of the Salinian block during the early Paleogene resulted Mendocino Fragrg

in the development of a continental borderland off central and southern California. 40°%- \° 2

Uplifted Mesozoic granitic and metamorphic basement rocks supplied sediment to -

numerous deep-sea fans deposited in the narrow, restricted basins of the border- T
land, and some of these fans spilled over into the San Joaquin basin. Subduction
probably continued along the California continental margin throughout the
Paleogene, as indicated by the presence of Paleogene and Neogene strata in the Pacific
coastal belt of the Franciscan Complex in northern California; however, this i
subduction was probably complex and included a significant component of - Plate
northward translation of coastal blocks. In the Oligocene, regional uplift and
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fracturing of the crust led to deposition of coarse, nonmarine deposits in numerous, a— .
narrow, fault-bounded basins; deep-marine sequences are restricted to only a few . asel \ '\\ _
areas. 'Mol/ava Desert
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From the Late Jurassic to the Oligocene, California was characterized chiefly by Borderland

an Andean-type margin (Dickinson, 1979). An eastward-dipping subduction zone
defined by a trench and subduction complex, an arc-trench gap defined by a large
forearc basin, and a magmatic arc defined by a batholithic complex formed the
main components of the California portion of the Pacific margin of North America
(Figs. 5-1 and 5-2). For the Late Cretaceous, these three elements are expressed
by: (1) the highly deformed oceanic and deep-marine strata of the Franciscan
Complex, which has been interpreted by most workers as a subduction complex;
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(2) the gently deformed westward-thickening and westward-deepening clastic sedi- Fisi 5-1. l'"fex maiP of the weste:jn tioimirminous Unite? States showing
N ., major geologic provinces, areas underlain by Cenozoic volcanic rocks and
mentary strata of the Great Valley Group, interpreted as the fill of a forearc basin; sediments, and areas underlain by Mesozoic plutons,

and (3) granitic plutons of the Sierra Nevada, Mojave Desert, and Basin and



nia Continental Borderland (herein referred to as the Southern California Border- -

land).

The purpose of this paper is to synthesize the geologic history and paleogeog-
raphy of coastal California for the Paleogene interval. Many small basins
developed during this interval as a result of the changing tectonic framework
superposed upon the late Mesozoic Andean-type continental margin. The
Paleogene basins were chiefly deep-marine in the Paleocene and Eocene, and
nonmarine in the Oligocene. The change from marine to nonmarine conditions can
be partly attributed to a climatic change to more arid and colder conditions that
began in the Late Eocene (Peterson and Abbott, 1979), and to a major eustatic
lowering of sea level by possibly as much as 350 m in mid-Oligocene time (Vail
et al., 1977a). However, tectonic activity remained the dominant force in control-
ling basin formation and filling in coastal California during the Paleogene (also,
see Dickinson et al., this volume, and Graham, this volume).

PREVIOUS WORK

The Paleogene paleogeography of California has been treated by many workers,
only a few of whom have dealt with the entire state over the entire time interval.
The first integrated reconstructions of the tectonic history and evolution of Califor-
nia basins by Reed (1933), and Reed and Hollister (1936) were beautifully con-
ceived; in retrospect, however, they suffer from lack of modern understanding of
large-scale strike-slip faulting, rotations of crustal blocks, marine microfossil
correlations, and sedimentologic interpretations of turbidite facies. Reconstructions
for the entire state can be found in Nilsen (1977c), a collection of papers that
emphasize the late Mesozoic and Cenozoic history of California. Nilsen and
McKee (1979) prepared a series of Paleogene paleogeographic maps for the entire
western United States, including California.

Numerous other regional studies have been restricted to either smaller
geographic areas within California or shorter time intervals. Nilsen and Clarke
(1975) synthesized the Paleocene and Eocene paleogeography of California, con-
cluding that it was dominated by a continental-borderland framework. Clarke et
al. (1975) prepared four paleogeographic maps of California for specific early
Tertiary intervals. Nilsen (1977b) summarized the early Tertiary paleogeography
of California. Dibblee (1977) and Nilsen (1984a) prepared Oligocene paleogeographic
syntheses for the entire state of California.

Other useful but even more areally or temporally restricted studies include:
(1) a synthesis of Paleocene paleogeography of southern California by Sage (1973);
(2) a synthesis of Middle Eocene paleogeography of southern California by Howell
(1975b); (3) a synthesis of Oligocene paleogeography of southern California by
Bohannon (1976); (4) paleogeographic studies of the northern Salinian block by
Graham (1978); (5) regional analysis of the Paleogene strata of the Sacramento
Valley region by Dickinson et al. (1979); and (6) reconstructions of the San
Joaquin Valley by Bartow (this volume).

TECTONIC RECONSTRUCTIONS

Because many structural, paleomagnetic, paleontologic, and sedimentologic studies
have demonstrated that some crustal blocks that make up the California margin
have translated or rotated significant amounts, paleogeographic reconstructions for
the Paleogene require major tectonic restorations of these movements. Five types
of restorations are required to produce a suitable framework for paleogeographic
maps: (1) restoration of movements on Neogene strike-slip faults of the San
Andreas and related fault systems; (2) restoration of Neogene rotational move-
ments of various tectonic blocks; (3) restoration of post-40-my B.P. extension,
particularly in the Basin and Range, Mojave Desert, and Salton Trough provinces;
(4) restoration of the large-scale northward translation of tectonostratigraphic
terranes that appear to be exotic to the California margin; and (5) restoration of
oceanic plates of the eastern paleo-Pacific Ocean to their positions relative to the
North American plate during Paleogene time. Proper restoration of each of these
paleotectonic elements is required to obtain accurate paleogeographic reconstruc-

_ tions for California.

The cumulative amount of displacement along northwest-trending strike-slip
faults of the San Andreas fault system is probably about 1000 km (Fig. 5-3). The
largest amount of slip has been along the San Andreas fault itself and is about
315 km (Dickinson et al., 1972; Clarke and Nilsen, 1973). Other major amounts
of slip along right-lateral faults (from north to south) include at least 75 km along
the Grogan fault in the northwest Coast Ranges (Kelsey and Hagans, 1982), 43
km on the Hayward-Rodgers Creek fault (Fox et al, 1985), 20 km on the
Maacama fault (McLaughlin, 1981), 35 km on the Sunol-Calaveras-Franklin-Car-
neros fault (Page, 1982a; Fox, 1983), 115-150 km on the San Gregorio-Hosgri
fault (Graham and Dickinson, 1978a; Clark er al., 1984), 60 km on the Rinconada
fault (Dibblee, 1976), 60 km on the San Gabriel fault (Crowell, 1982), 120-160 km
on the East Santa Cruz Basin fault (Howell et al, 1974), 30 km on the Elsinore
fault (Crowell, 1981a), and 30 km on the San Jacinto fault (Sharp, 1967; Bar-
tholomew, 1970; Crowell and Ramirez, 1979). In addition, there are smaller
amounts of offset along numerous northwest-trending right-lateral faults within
the Mojave Desert province (Garfunkel, 1974), and right-lateral offsets of as much
as 80 km along the Death Valley fault zone and Walker Lane regions of the Basin
and Range province (Stewart er al,, 1968; Bohannon, 1979).

Left-lateral Neogene displacements in the general region of the Transverse
Ranges include 60 km on the Garlock fault (Smith, 1962; Dibblee, 1980a; Carter,
1982), 14 km on the Big Pine fault (Dibblee, 1976), 6 km or more on the Santa
Ynez fault (Dibblee, 1978), and 60-90 km on the Malibu Coast-Santa

_ Monica-Raymond Hill-Cucamonga fault (Sage, 1973; Campbell and Yerkes, 1976;

Hall, 1981b). Thus, the cumulative amount of left slip in this area is about 150 km.

Significant rotations have affected parts of southern California in Neogene
time (Luyendyk and Hornafius, this volume). The entire Transverse Ranges,
including most of the Channel Islands, have rotated at least 75° in a clockwise
manner, based on paleomagnetic studies of Miocene volcanic rocks and related
units (Kamerling and Luyendyk, 1979). In addition, the southern Sierra Nevada
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Fig 5-3. Index map of California showing location of important localities
and faults mentioned in the text. ’

batholith and adjacent Tehachapi and San Emigdio Mountains have undergone
45 1 14° of clockwise rotation between 80 and 20 my B.P. (Kanter and McWil-
liams, 1982); unpublished new paleomagnetic data from the area suggest an initial
clockwise rotation of about 20° between 80-100 and 21-25 my B.P., and an addi-
tional 40° of clockwise rotation between 21-25 and 16 my B.P. (J. B. Plescia, writ-
ten communication, 29 November 1985). Minor rotations, typically clockwise in na-
ture, have affected many other parts of California, especially areas adjacent to major

right-lateral faults and some large blocks such as the Peninsular Ranges, which
appear to have rotated 32° clockwise (Hagstrum e al., 1985).

During the last 40 my, extension in the Basin and Range, Modoc Plateau,
and Salton Trough provinces has resulted in a net westward displacement of
coastal California, including the batholithic complexes of the Klamath Mountains,
Sierra Nevada, and Mojave Desert provinces (Stewart, 1983). Within the Basin
and Range province, east-west extension has .been estimated to total 60-100 km
by Stewart (1971). Proffett (1977) estimated 30-100% extension in the central part
of the province, and Wernicke er al. (1982) estimated 65-100% extension in the
southern part.

Paleomagnetic, paleontologic, and stratigraphic data suggest that several
large and many smaller exotic blocks or terranes have accreted to California in
the Cenozoic (Coney et al., 1980; Vedder et al., 1983; Howell et al., this volume).
Many of these terranes, which include slivers of continental crust like the Salinian
block, pieces of oceanic crust, fragments of volcanic arcs, and other types of crustal
fragments, appear to have migrated northward from their places of origin prior to
accretion. The Salinian block and the terranes west of it appear to have moved
northward 2500 km since Cretaceous time (Champion et al., 1984). Various
fragments of oceanic crust and oceanic sedimentary rocks in the Franciscan
Complex of the central and northern Coast Ranges have been shown to have been
transported northward many thousands of kilometers (Alvarez et al., 1980), some
not accreting until post-Miocene time (McLaughlin er al., 1982). Baja California
and the Peninsular Ranges of southwestern California have been shown from
paleomagnetic studies of batholithic rocks by Hagstrum et al. (1985) to have moved
northward about 11°, .

The processes of terrane formation, movement, and accretion complicate
Paleogene paleogeographic reconstructions for coastal California in several ways.
Terranes added to California in Neogene time have to be removed or restored to
their original locations outside the state boundaries. Terranes presently located in
other areas but suspected to have originally been located in California must be
restored to their original locations; for example, various terranes in southwestern
Oregon must be restored about 1200 km southward to a position opposite central
California (Blake, 1984b).

Coastal California during the Paleogene was subjected to. interactions among
four major plates: the oceanic Kula, Pacific, and Farallon plates, and the continen-
tal North American plate. Major changes in the relative motions of these plates
between 85 and 56 my B.P. caused significant changes in the tectonic framework
of the eastern Pacific margin (Engebretson er al., 1984b).

Most plate reconstructions of the western continental margin of North
America for the Late Cretaceous and Paleogene show subduction of the Farallon

- plate beneath North America to the south, and northward movement of the Kula

plate with regard to North America to the north (Atwater, 1970; Engebretson,
1982; Jurdy and Gordon, 1984). However, the location of the Kula-Farallon-North
American triple junction during this interval is not well constrained by available
plate reconstructions; as a result, the possibilities exist during the early Tertiary in




coastal California for both right slip and convergence along the continental margin, -

depending upon which oceanic plates were present along the margin.

Most reconstructions for California indicate rapid convergence and subduc-
tion of the Farallon plate from 80 to 40 my B.P.; this convergence, possibly
associated with subduction of an aseismic ridge, caused the Laramide orogeny and
eastward migration of the active continental-margin magmatic arc (Dickinson and
Snyder, 1978; Engebretson et al., 1984b; Henderson et al., 1984; Jurdy, 1984). Most
of the continental plates, including North America, appear to have moved faster
during the early Tertiary than at present (Jurdy and Gordon, 1984). However, a
major northward component of relative movement in the Late Cretaceous to early
Tertiary between North America and marginal oceanic plates is required to provide
the suitable framework for northward movement of the Salinian block and other
tectonostratigraphic terranes; this northward component of motion could have
resulted from either Kula-North American plate motions or episodes of oblique
Farallon-North American plate subduction (Page and Engebretson, 1984),

By mid-Oligocene time, the Pacific plate began to interact with the North
American plate, initiating a new system of right-lateral shear that has culminated
in the formation of the modern San Andreas fault system during the Neogene
(Blake er al., 1978). Thus, the late Paleogene saw development of two new triple
junctions, one which migrated northward and one which migrated southward,
resulting in the formation of new basins.

BATHOLITHIC SOURCE AREAS

Mesozoic magmatic arcs underlie much of California and formed the source areas
for most of the sediments deposited in Paleogene basins. Plutonic rocks supplied
huge amounts of arkosic sediments because most of the associated volcanic cover
of the arcs had been stripped off by the beginning of the Tertiary (Ingersoll, 1983).

Batholiths of the Klamath Mountains are chiefly of Jurassic age (Irwin,
1981). Batholiths of northwestern Nevada and the northern Sierra Nevada are of
Early Cretaceous and early Late Cretaceous (125-90 my) age (Smith er al., 1971;
Bateman, 1983), and those of the central and southern Sierra Nevada are of
Triassic (about 206 my), Jurassic (186-155 my), and Early Cretaceous to early Late
Cretaceous (125-88 my) age (Bateman, 1981). Granitic plutons of the Basin and
Range province are of Late Triassic, Jurassic to Early Cretaceous (185-140 my),
and Late Cretaceous (90-75 mg) age (Nelson, 1981). Abundant plutons in the
Mojave Desert range in age from Early Triassic to early Tertiary (240-60 my)
according to Burchfiel and Davis (1981), and those of southeastern California are
of Triassic, Jurassic (180-160 my), and Late Cretaceous (90-75 my) age (Crowell,
1981a). One pluton in the Transverse Ranges has yielded a Late Cretaceous
(80 £ 10 my) U-Pb age (Ehlig, 1981), and abundant Late Jurassic and Early
Cretaceous (150-90 my) plutons form the main crustal component of the Penin-
sular Ranges (Gastil et al., 1981).

The Salinian block is underlain by numerous plutons that have yielded
emplacement ages of 117-106 my (Mattinson, 1978; Page, 1981). These plutonic

rocks also have yielded abundant Late Cretaceous cooling ages from K-Ar and
fission-track techniques (Ross, 1978).

Ld

CALIFORNIA PALEOGENE BIOSTRATIGRAPHIC ZONATION

Paleogene biostratigraphic zonations in California were originally based on mol-
luscan fossils (Addicott, 1972c) and benthic foraminiferal assemblages (Schenck
and Kleinpell, 1936; Kleinpell, 1938; Mallory, 1959). However, problems encoun-
tered in correlating California stages with European stages and with sequences
penetrated by the Deep Sea Drilling Project in various ocean basins indicated that
correlation of the California stages required additional biostratigraphic control
from planktic foraminifers, radiolarians, diatoms, coccoliths, and other pelagic
microfossils. The general lack of datable volcanic rocks in Paleocene and Eocene
strata, as well as the abundance of poorly dated nonmarine rocks of Oligocene
age, have also hindered the development of a well-defined biostratigraphic zonation
in California.

The revised stage assignments for California shown on Fig. 54 are based on
syntheses of new data by Poore (1976, 1980); additional detailed Paleogene
microfossil correlations for California can be found in Brabb (1983). Many of these
stages are not known as precisely as they are indicated on this figure, but for the
purposes of preparing a regional paleogeographic synthesis, they will be used as
shown. The range of each series in terms of absolute time is Paleocene: 66-58 my
B.P.; Eocene: 58-37 my B.P.; and Oligocene: 37-24 my B.P., based on the new
Decade of North American Geology time scale (Palmer, 1983). Global cycles of
relative change of sea level for Paleogene time, based on the work of Vail et al.
(1977a), are also shown on Fig. 5-4.

LATE MESOZOIC TECTONIC FRAMEWORK

The Late Cretaceous paleogeography of California was dominated by uplands
underlain by the Mesozoic batholithic complexes, the large forearc basin in which
the Great Valley Group and Hornbrook Formation were deposited, and a trench
to the west along the continental margin, along which the Franciscan Complex
accumulated by tectonic and sedimentary processes (Bailey et al., 1964; Dickinson,
1976). Huge volumes of sediment were supplied to the forearc basin from source
areas in the Klamath Mountains and Sierra Nevada (Ingersoll, 1979, 1983; Nilsen,
1984b); some of these sediments probably passed across the forearc basin to
accumulate within trench-slope basins and within the trench, intermixing with
Franciscan sediments derived from other sources (Ingersoll, 1979; Blake and Jones,
1981). .

Upper Cretaceous deposits are not present beneath the southernmost San
Joaquin basin or exposed in its surrounding mountain ranges (southern Sierra
Nevada, Tehachapi Mountains, San Emigdio Mountains, and Temblor Range).
They are also absent from the Basin and Range, Mojave Desert, Salton Trough,
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Fig. 5-4. Paleogene biostratigraphic zonation in California (modified
from Poore, 1976, 1980; Palmer, 1983) and global cycles of relative change
of sea level during the Cenozoic (modified from Fig. 3 of Vail et al., 1977a).
The horizontal units for rising and falling sea level indicate relative posi-
tions of sea level, with 1.0 being the maximum relative highstand and 0.0
the minimum relative lowstand.

and southeastern California. These regions were either uplands that were source
areas during the Late Cretaceous or they were uplifted during early Paleogene
time, with Cretaceous deposits being removed by erosion.

Upper Cretaceous strata are abundant in the Salinian block, Sur-Obispo
terrane, Transverse Ranges, Peninsular Ranges, and parts of the Southern Califor-
nia Borderland (Nilsen, 1978). These areas, however, appear to have originally
been located far to the south of their present latitude and did not form part of
California during the Late Cretaceous (Vedder et al., 1983; Champion et al., 1984,
Hagstrum e al., 1985). The presence of turbidite sequences with westward-directed
paleocurrents, magmatic-arc source areas, and structural juxtaposition with Fran-
ciscan-like rocks suggest that these areas are fragments of a convergent continental
margin that included a magmatic arc, forearc basin, and subduction complex; these

margin fragments may have originally developed as far as several thousand
kilometers south of their present positions. These tectonic elements may originally
have formed, with similar rocks in the Vizcaino area of central Baja California, a
southward extension of the Franciscan-Great Valley-Sierra Nevada suite.

Upper Cretaceous rocks of the Gold Beach terrane of Blake (1984b) in
southwestern Oregon appear to have been displaced northward from an original
position at the latitude of California. Although these strata appear to have been
deposited within a strike-slip regime (Bourgeois and Dott, 1985), they also resemble
parts of the Great Valley Group and Franciscan Complex and could represent
northward-displaced tectonic fragments of these units.

The inherited paleogeographic framework at the beginning of Paleogene time
in California, thus, consisted principally of a remnant magmatic arc, a forearc
basin, and a subduction complex. The arc was no longer active, the forearc basin
had been substantially filled by deep-sea-fan, slope, and deltaic deposits, and the
subduction complex had widened substantially as a result of tectonic accretion
(Dickinson et al., 1979; Ingersoll, 1979).

In the following summaries of Paleogene basins and their paleogeography
and paleotectonic framework, basins are discussed in systematic order from north
to south, first those located east of the San Andreas fault and second those west
of the San Andreas fault. The summaries provide paleocurrent orientations in their
present orientations, which are reoriented in subsequent reconstructions. Because
of the huge number of references to Paleogene deposits, I generally limit citations
to newer references published between 1975 and 1985. Where no references to
particular basins or strata are found in the text, the reader is referred to the longer
summary papers listed under “Previous Work™ for applicable references, par-
ticularly to Clarke et al. (1975), Nilsen and Clarke (1975), Nilsen (1977¢, 1984a),
Dickinson et al. (1979), Nilsen and McKee (1979), and additional papers and
references in this volume.

PALEOCENE BASINS

Although Paleocene strata are common in many parts of California, they have
been removed by pre-Eocene erosion in some areas, making paleogeographic
reconstructions of Paleocene basins difficult (Fig. 5-5). Three major aspects of the
tectonic framework must be borne in mind for Paleocene reconstructions: (1) the
southern extension or continuation of the Great Valley forearc basin was truncated
in latest Cretaceous or Paleocene time, with detachment and dispersion of the
remnants of the basin; (2) the Salinian block and Sur-Obispo terrane, as well as
probably the western Transverse Ranges, Southern California‘ Borderland, and
Peninsular Ranges, were located south of their present locations, and do not
appear to have accreted to California or northern Mexico until the end of the
Paleocene or earliest Eocene; and (3) although the coastal belt of the Franciscan
Complex contains rocks of Cretaceous to Miocene age, many of these rocks,
including those of Paleocene age, are allochthonous and did not accrete to
northern California until Eocene or later time. In terms of global sea-level changes,
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major drops in sea level occurred at the Cretaceous-Paleocene boundary and near
the end of the Paleocene at about 60 my B.P. (Fig. 5-4).

East of the San Andreas Fault

In northernmost California, Paleocene strata are generally missing, suggest'ing
regional uplift. On the northern and eastern flanks of the Klamath Mountains,
Eocene strata rest unconformably either directly on pre-Cretaceous basement rocks
or on Upper Cretaceous deep-marine strata of the Hornbrook Formation (Heller
and Ryberg, 1983; McKnight, 1984; Nilsen, 1984b). Paleocene strata are also
missing from the southern flank of the Klamath Mountains and the western flank
of the northern Sierra Nevada. .

By the end of the Late Cretaceous and during the Paleocene, th'e Great
Valley forearc basin became separated by the west-trending Stockton arch mtq two
distinct basins, the Sacramento basin to the north and the San Joaquin basin to
the south (Fig. 5-6). The Stockton arch may have been emergent, as suggested .by
the absence of Paleocene strata from the arch and the presence of shallow-marine
and brackish-water deposits around its margin. The northeast-trending Stockton
fault formed the northern flank of the Stockton arch and underwent as much as
600 m of vertical displacement.

The Paleocene Sacramento basin, in general, underwent continual southerly
and westerly tilting, with periodic uplift along its western flank, particularly in the
Mount Diablo area (Safonov, 1962). As a result of this tilting, the southwestern

EXPLANATION

Highlands
) vLowlends
EZ23 Nonmarine deposits

Qhnll 1 "

e Deep-marine deposits

Trench
=

Ocesn floor

Fig. 5-6.  Unrestored Paleocene paleogeographic map of
California. The paleogeographic elements are shown in
their present locations and orientations.

part of the basin is structurally the deepest, contains the thickest section of
Paleogene strata, and consists mostly of deep-marine strata.

Lower Paleocene deposits of the southern Sacramento basin generally consist
of deltaic facies to the east and shallow-marine facies to the west; major uplift and
tilting of the basin in mid-Paleocene time truncated the Lower Paleocene and
underlying Upper Cretaceous deposits, and resulted in the cutting of the Martinez
Canyon, a major west-trending submarine canyon (Edmondson, 1962). This
canyon was about 33 km long, as wide as 12 km, and as deep as 360 m (Almgren,
1984); it was filled with Upper Paleocene marginal-marine deposits to the east and
deeper-marine deposits to the west (Pepper, 1984). A Late Paleocene transgression
and rapid subsidence resulted in the deposition of as much as 960 m of turbidites
and deep-marine shale in the southwestern part of the basin (Almgren, 1984).

West of the Sacramento basin, the coastal belt of the Franciscan Complex
contains Paleocene turbidites -that are tectonically intermixed with Upper
Cretaceous and Eocene turbidites. The coastal belt is most reasonably interpreted
to have accumulated in or adjacent to a tectonically active trench (Bachman, 1978,
1982) that was probably the continuation through time of the Mesozoic subduction
zone in which older Franciscan rocks were deposited, accreted, and deformed.

. Although various trench-slope deposits, olistostromes, and deep-sea-fan sequences

have been recognized in the coastal belt (Bachman, 1978), the Paleocene paleogeog-
raphy cannot be differentiated from the Late Cretaceous or Eocene because of
tectonic mixing of rock units.




Less-deformed Cretaceous and Paleocene strata rest depositionally on the
Franciscan Complex in northern California in the Round Valley, Rice Valley,
Middle Mountain, and Clear Lake areas (Berkland, 1972, 1973). These outliers
have been interpreted to be trench-slope basins within the Franciscan subduction
complex, but they could alternatively represent separate accreted terranes (Blake
and Jones, 1981, p. 327) or fragments of the Sacramento basin that have been
preserved in downfaulted blocks or along strike-slip faults (Dickinson et al., 1979;
McLaughlin and Ohlin, 1984).

West of the Stockton arch in the Coast Ranges, Paleocene strata of the
Martinez Formation are as thick as 300 m on the north flank of Mount Diablo;
they rest unconformably on the Great Valley Group, the lower part of the
formation consisting of shallow-marine conglomerate and the upper of mudstone.
Deep-marine turbidite and mudstone deposits of Paleocene age are also present in
scattered outcrops in the San Leandro and Berkeley Hills, eastern Santa Cruz
Mountains, and western Diablo Range in the vicinity of San Jose (Nilsen and
Clarke, 1975).

In the San Joaquin basin and adjacent southern Coast Ranges, Paleocene
strata are thick, abundant, and generally of marine origin. Paleocene strata
generally thin and shoal northward onto the Stockton arch. On the northwest
margin of the basin, outcrops of the Tesla Formation in the Tesla and Orestimba
areas consist of several hundred meters of brackish-water deposits of sandstone and
shale. In the Laguna Seca area, 370 m of shallow-marine sandstone, siltstone, and
shale of the Laguna Seca Formation of Payne (1951) crop out.

In the Vallecitos area, Paleocene strata consist of the upper part of the
Moreno Shale and the apparently unconformably overlying lower part of the Lodo
Formation (Nilsen, 1981). The Moreno Shale is of deep-marine origin and forms
the uppermost part of the Great Valley Group, which in this area extends across
the Mesozoic-Cenozoic boundary. The Lodo Formation is a thick sequence of
deep-marine clastic strata divisible into four members, the lower three of which
are of Paleocene age (Nilsen, 1981). The laterally discontinuous basal unnamed
sandstone member, as thick as 230 m, is overlain by the Cerros Shale Member,
as thick as 305 m. The thick Cantua Sandstone Member, the lower part of which
is of Paleocene age, is as thick as 1375 m and forms a large lens-shaped
deep-sea-fan complex within the Lodo Formation; paleocurrents indicate sediment
transport dominantly toward the north, northwest, and northeast (Nilsen, 1981).
The Cantua appears to have been fed by a large submarine channel or canyon
present in the subsurface to the east that funneled sediment from its Sierra Nevada
source across the Sacramento basin to the Vallecitos area (Graham and Berry,
1979). In the Coast Ranges west of the Vallecitos area, Paleocene basin-plain strata
of the Bolado Park Formation of Sullivan (1965) crop out in the Bolado Park
area; this unit consists of about 120 m of bathyal foraminiferal shale and mudstone
with thin turbidite interbeds (Nilsen, 1981).

Farther south, along the western margin of the San Joaquin Valley, the Lodo
Formation crops out locally as a discontinuous shale, the lower part deposited at
bathyal depths and the upper part deposited at neritic depths (Mallory, 1970;

Dibblee, 1973b). Along the southern and eastern margins of the San Joaquin basin,
Paleocene strata are absent.

Paleocene subsurface units in the northern San Joaquin Valley consist of the
brackish-water Tesla Formation along the northern margin and the laterally
equivalent shallow-marine Laguna Seca Formation of Payne (1951) to the south
(Bartow, 1985a). These units generally appear to unconformably overlie the Great
Valley Group and record westward progradation of shelf deposits derived from
the Sierra Nevada over underlying slope deposits of the uppermost Great Valley
Group (Dickinson et al., 1979). The Paleocene deposits are absent to the north on
the Stockton arch as a result of post-Eocene erosion, and are truncated to the east
by an angular unconformity at the base of overlying Eocene strata (Bartow, 1985a).
In the central and southern San Joaquin basin, deep-marine shale of the Lodo
Formation and the submarine-canyon deposits of the Cantua Sandstone Member
characterize the Paleocene in the subsurface (Graham and Berry, 1979).

Along the southern margin of the Sierra Nevada, and Basin and Range
provinces, poorly dated lower Tertiary nonmarine strata rest on granitic and
metamorphic basement rocks and are unconformably overlain by Neogene volcanic
and sedimentary rocks (Dibblee, 1967). In the southern Tehachapi Mountains, the
Witnet Formation, as thick as 1200 m, consists of conglomerate overlain by
sandstone that was deposited by fluvial processes in a northeast-trending lowland.
Farther east, in the El Paso Mountains, the nonmarine Goler Formation, as thick
as 2000 m, consists of a lower conglomerate and breccia unit derived from source
rocks in the El Paso Mountains, and an upper sandstone and mudstone with local
lenses of conglomerate derived from more-distant basement rocks. The Goler
Formation was also deposited in a northeast-trending lowland by fluvial processes.

In the Mojave Desert province, marine strata thought to have been of
Paleocene age and assigned to the San Francisquito Formation rest unconformably
on granitic and metamorphic basement rocks adjacent to Cajon Pass (Dibblee,
1973b). However, plesiosaur remains recently found in these deposits support a
Cretaceous age and indicate that these rocks are not related to the type San
Francisquito Formation (Kooser, 1982).

West of the San Andreas Fault

Paleocene strata form abundant but scattered outcrops in the Salinian block. In
the Gualala area, conglomeratic and sandstone-rich deep-sea-fan deposits of the
German Rancho Formation of Wentworth (1968) are at least 3000 m thick and
rest conformably on underlying Cretaceous deep-sea-fan deposits. The lower part
of the German Rancho Formation is of Paleocene age. Paleocurrents indicate
sediment transport toward the northwest (Wentworth, 1968).

At Point Reyes, the Paleocene Point Reyes Conglomerate is as thick as 210 m
and rests unconformably on granodioritic basement rocks (Galloway, 1977). The
Point Reyes Conglomerate was interpreted by Clark er al. (1984) to have been
deposited as a northwest-flowing middle-fan channel complex, but because it has




been eroded into basement rocks, it is more likely an erosive remnant of a
submarine canyon.

At Point San Pedro, Paleocene turbidites that are at least 1000 m thick rest
unconformably on granitic basement rocks (Morgan, 1981; Nilsen and Yount,
1981). The sequence consists of basal submarine-canyon and slope deposits over-
lain by inner-fan and middle-fan deposits, transported toward the northwest.

In the La Honda basin, Paleocene strata of the Locatelli Formation rest
unconformably on granitic basement rocks on the southern flank of the basin
(Clark, 1968, 1981). The Locatelli Formation is as thick as 300 m and consists of
basal shallow-marine conglomerate and sandstone overlain by deep-marine
siltstone with thin-bedded turbidities.

At Point Lobos, the Carmelo Formation of Bowen (1965) rests unconform-
ably on granodioritic basement rocks (Addicott, 1978). It is 220 m thick, consists of
a lower unit of conglomerate and an upper unit of interbedded turbidite sandstone
and shale, interpreted to have been deposited by various processes in a west-trend-
ing submarine-canyon complex (Clifton, 1981b, 1984).

In the northern Santa Lucia Range, erosional remnants of Paleocene strata of
the Merle Formation of Compton (1957) are as thick as 1525 m; these strata
conformably overlie Upper Cretaceous deposits and locally rest directly on granitic
basement (Graham, 1979b). The Merle Formation consists of bathyal inner- and
middle-fan deposits transported by southwest-flowing turbidity currents (Reutz,
1979). It is unconformably overlain by shallow-marine Eocene strata of the Reliz
Canyon Formation, which contains a basal Upper Paleocene reeflike limestone and
locally rests directly on granitic and metamorphic basement (Graham, 1979b).

Farther south, Paleocene strata as thick as 400 m were deposited in both shallow-

marine and deep-marine environments (Durham, 1974).

In the La Panza, southern Santa Lucia, and Sierra Madre Ranges, a thick
section of Upper Cretaceous to Lower Eocene strata crops out over a wide area
and rests unconformably on granitic basement. The Paleocene strata reflect
northward and eastward shoaling, and sediment transport dominantly toward the
south and west within the Sierra Madre basin (Chipping, 1972; Sage, 1973).

In the Caliente Range, Paleocene turbidites of the Pattiway Formation are
as thick as 1100 m (Sage, 1973). These units were derived from granitic and
metamorphic basement rocks and deposited as submarine fans by turbidity cur-
rents that flowed toward the southwest, south, and southeast.

In the Santa Ynez basin, Paleocene strata of the lower Anita Shale crop out
in the western Santa Ynez Mountains. It consists of shale as thick as 300 m with
thin-bedded turbidites, deposited in a basin that deepened southward, fed by
turbidity currents that flowed toward the south and southwest (Gibson, 1972,
1973). Scattered lenses of algal limestone are present in the lower part of the Anita
Shale. In the northern, central, and eastern Santa Ynez basin, Paleocene strata
appear to be absent, although the lower parts of the thick Eocene sequence may
include Paleocene strata. In the Piru Creek area at the eastern margin of the basin,
5200 m of Paleocene and Eocene strata rest unconformably on granitic basement
rocks; the Paleocene part of the section, about 700 m thick, was deposited as a
submarine fan by southwest-flowing turbidity currents (Sage, 1973). To the south,

in the Channel Islands, Paleocene strata of the lower parts of the Pozo and Cafiada
Formation consist of shallow-marine and deep-marine deposits (Sage, 1973).

In the Simi Hills area, lower nonmarine and overlying shallow-marine strata
as thick as 1150 m were transported southwestward from source areas underlain
by granitic strata to the northeast (Sage, 1973). Similar strata in the Santa Monica
Mountains crop out in four separate fault blocks and consist of alluvial-fan,
shallow-marine, and deep-marine deposits as thick as 2600 m (Sage, 1973). Sedi-
ments were transported southwestward into a deepening basin from granitic and
metamorphic source rocks to the north and east.

In the San Gabriel Mountains, the San Francisquito Formation consists of
a basal 100 m of shallow-marine clastic and carbonate rocks that rest unconform-
ably on granitic and metamorphic basement and are overlain by almost 4000 m of
deep-sea-fan deposits (Kooser, 1982). Paleocurrents generally indicate progradation
of the fan toward the south and west.

In the Santa Ana Mountains, Paleocene strata of the Silverado Formation,
as thick as 570 m, rest unconformably on Upper Cretaceous sedimentary rocks
and granitic basement (Yerkes e al., 1965). The unit consists of a basal nonmarine
braided-stream conglomerate overlain by fluvial and lagoonal deposits; the upper
part of the section consists of fossiliferous shallow-marine sandstone. Sage (1973)
determined sediment transport toward the south-southwest and inferred a granitic
source area to the northeast.

In the northern San Diego area, estuarine deposits previously considered to
be of Cretaceous age, in the lower part of the Mount Soledad Formation, are now
thought to be of Late Paleocene age (Kies, 1982a,b; Walsh and Estes, 1985). These
deposits define a northwest-trending shoreline on the western margin of the
Peninsular Ranges.

Paleocene Paleogeography and Paleotectonics

. Paleocene strata were deposited in numerous separate basins that evolved from the

Late Cretaceous convergent margin (Fig. 5-5). Paleocene rocks of the coastal belt of
the Franciscan Complex record the continued presence of a subduction complex in
northern California. The Sacramento and San Joaquin basins had become separate
as a result of continued uplift of the Stockton arch. The Round Valley-Clear Lake
basin may have formed a continuous trench-slope basin or several smaller trench-
slope basins; the strata in the basin could also represent erosional remnants of the
Paleogene fill of the Sacramento basin deposited east of the Paleogene trench-slope
break (Dickinson et al., 1979). The presence of angular unconformities, Franciscan
detritus in the Paleogene sections, and faulting suggest that the western margin of

~ the Sacramento basin underwent tectonic deformation and uplift by the Early

Paleocene. Shallow-marine deposits of Maastrichtian age in the outlier of the Great
Valley Group near Covelo indicate uplift in the Late Cretaceous (Gucwa, 1975).
Both the Sacramento and San Joaquin basins were fed primarily by sediment -
derived from the Sierra Nevada, with at least one major submarine canyon feeding
deep-sea-fan deposits in each basin (Fig. 5-6). Both the Sacramento and San
Joaquin basins generally deepened toward the south and west; the Stockton and




Midland faults exerted major control on sedimentation in the southwestern parts
of the Sacramento basin.

The nonmarine Goler and Witnet basins in the area north of the modern
Garlock fault formed a northeast-trending trough. This trough suggests the pos-
sible presence of a proto-Garlock fault that controlled basin formation and
sedimentation (Nilsen and Clarke, 1975).

On the basis of paleomagnetic data, Paleocene rocks located west of the San
Andreas fault appear to be allochthonous to California, having accreted in post-
Late Paleocene time (Figs. 5-6 and 5-7). These allochthonous terranes include the
Salinian block, Sur-Obispo terrane, Tujunga terrane, Transverse Ranges block,
and Peninsular Ranges block. In addition to these allochthonous terranes, it is
clear that the southern continuation of the Great Valley Group and its associated
subduction complex have been detached, and probably transported northward by
various processes of terrane dispersion; the present location of this block is
uncertain.

These allochthonous and detached terranes are shown schematically in Fig.
5-7, not in their true positions, but in their relative positions west of the California
margin. The California margin most likely was characterized by a trench, but
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subduction was oblique, at a low angle, and associated with major strike-slip
displacements. The Salinian block and Sur-Obispo terrane were attached, and the
Tujunga terrane may also have been attached to these two terranes, forming a
larger composite terrane (Howell er al., this volume); the small, restricted, and
generally deep-marine Paleocene basins of the Salinian block were probably
formed by crustal stretching that resulted from extension related to strike-slip
faulting. Paleocene strata are absent from the Sur-Obispo and Tujunga terranes,
which may have been uplifted areas within the composite terrane. Similarly, the
Peninsular Ranges and Transverse Ranges block may have been attached as a
composite terrane that originated farther north than the Salinian composite
terrane. Paleocene deposits of the Transverse Ranges block may have formed a
major north-south-trending basin surrounded by highlands (Fig. 5-7).

The Paleocene tectonic framework, thus, consisted dominantly of the same
elements that had characterized the Late Cretaceous forearc-basin setting (Fig.
5-8). The subduction complex to the west had been uplifted, the forearc basin had
been divided in half by uplift of the Stockton arch, and the southern extension of
the forearc basin had been truncated and detached by faulting. From the south,
allochthonous terranes were approaching California, to accrete in earliest Eocene

time.
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EOCENE BASINS

Eocene basins are widespread and of varying size and shape (Fig, 5-9). They record
continuing tectonic activity, including the accretion of the Salinian composite
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terrane and the Peninsular Ranges and Transverse Ranges blocks (Figs. 5-7 to
5-9). Marine sedimentation, particularly deep-sea-fan sedimentation, was dominant
in Eocene California (Fig. 5-10). To the east and north, nonmarine strata are
abundant, having been derived from erosion of the Mesozoic batholithic com-
plexes, and locally, from Eocene volcanic-arc rocks. Eocene strata are particularly
abundant and thick in the Coast Ranges, San Joaquin Valley, and Transverse
Ranges. .

Eocene climates were generally warm and humid, particularly in the Early
and Middle Eocene, when lateritic weathering was locally common, anauxitic clays
developed, and quartz-rich sandstones were deposited. In the Late Eocene, the
climate began to change to colder and more arid conditions (Peterson and Abbott,
1977, 1979, 1981). Global curves of relative change in sea level indicate generally
rising levels in the Early Eocene, a major lowering near the end of the Early
Eocene, generally rising levels in the Middle Eocene, and several fluctuations at
the end of the Middle Eocene and within the Late Eocene (Fig. 5-4).

East of the San Andreas Fault

In northernmost central California and extending into Oregon, Upper Eocene
braided-stream deposits as thick as 2300 m of the Payne Cliffs Formation were
shed northeastward into the Hornbrook basin (McKnight, 1984; Nilsen, 1984b).
The Payne Cliffs Formation was derived from erosion of granitic and metamorphic
rocks of the Klamath Mountains; it rests unconformably on Upper Cretaceous
deep-marine turbidites of the Hornbrook Formation and is overlain by volcanic
rocks of the Western Cascades Group (Vance, 1984). The formation generally fines
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upward, contains some coal, and includes tuff beds and volcanic detritus near its
top, signaling the initial development of the Western Cascade volcanic arc to the
east and north. ) .

Farther south, conglomeratic fluvial deposits of the Montgomery Creek
Formation crop out on the east flank of the Klamath Mountains (Sanborn, 1960).
These strata are as thick as 750 m and are of probable Late Eocene age; abundant
andesitic volcanic clasts and south-southeast-directed paleocurrents suggest a vol-
canic-arc source to the north (Dickinson et al., 1979).

At the northeast margin of the Sierra Nevada, east of Lake Almanor, Eocene
fluvial conglomerates that were transported south-southwesterly toward the
Sacramento basin rest unconformably on granitic and metamorphic basement -
rocks (Dickinson et al., 1979). These conglomerates contain a mixture of granitic
and volcanic clasts in their lower parts and quartz-rich resistant clasts in their
upper parts.

South and southwest of the Klamath Mountains, Eocene strata form three
separate outcrop belts within the Franciscan Complex. To the west, Eocene rocks
accumulated and were deformed as part of the coastal belt of the Franciscan
Complex (Bachman, 1978, 1982). Overlying these more highly deformed rocks, the
coeval Yager Formation was deposited in trench-slope, slope-channel, and slope-
basin settings (Underwood, 1983); it consists mostly of channel and interchannel
turbidites that appear to have been deposited by southwest-flowing currents over
a syndepositionally deforming subduction complex. Farther to the south, but still
within the Franciscan Complex, outliers of Paleogene strata of the Round Valley-
Clear Lake basin crop out; although dominantly of Paleocene age, Eocene strata




that are generally finer-grained and glauconitic are present at Round Valley and
Rice Valley (Berkland, 1973); these deposits could either have accumulated in
trench-slope basins or be erosional remnants of the Eocene fill of the Sacramento
basin.

Eocene nonmarine deposits are common within and along the western margin
of the Sierra Nevada. East of the Sacramento basin, Eocene auriferous gravels
were deposited by west-flowing streams. The gravels are generally less than 15 m
thick, except along the ancestral Yuba River, where they arc as thick as 180 m
(Yeend, 1974). These fluvial gravels consist of lower “blue gravels,” which contain
various clasts from adjacent rock units and interbedded arkosic sandstone, and
overlying “white gravels,” which contain only resistant quartzose clasts and inter-
bedded quartzitic and anauxitic sandstone, suggestive of deep chemical weathering
in a tropical environment.

Farther south, the lone Formation, as thick as 300 m, crops out along the
west flank of the Sierra Nevada (Creely, 1965; Gillam, 1974). It consists of Lower
Eocene deltaic, lagoonal, and fluviatile deposits, and has been divided into two
members separated by an unconformity. The lower member rests directly on a
deeply weathered lateritic surface and includes quartzosc sandstone, anauxitic
claystone composed mostly of kaolinite and halloysite, and lignite. The upper
member consists of feldspathic sandstone and conglomerate. The contrast betwcen
the two members is indicative of major climatic change.

In the Sacramento basin, Eocene strata are widespread, thick, stratigraphi-
cally complex, and consist of many different facies. Although many stratigraphic
subdivisions have been proposed for Eocene strata, both in subsurface and out-
crop, Lower Eocene strata can regionally most simply be referred to the Capay
Formation, and Middle Eocene strata to the Domengine, Nortonville, and Markley
Formations (Cherven, 1983a).

Eocene paleogeography was influenced chiefly by the presence of two large
submarine canyons cut at the end of the Paleocene during a lowering of sea level,
and filled in the Early Eocene during a rise of sea level (Almgren, 1978). The
Princeton canyon trended north-south and was cut along the present western
margin of the Sacramento Valley; its maximum length was 265 km, its maximum
width 40 km, and its relief on the order of 850 m (Redwine, 1984). The lower part
of the canyon is filled with marine shale, turbidite sandstone, local conglomerate,
and submarine landslide deposits of the Capay Formation, exposed along the west
flank of the Sacramento basin (Baker, 1975); to the north, these deposits grade
laterally into estuarine deposits. Abundant gas ficlds are present both within and
on the margins of Princeton canyon (Frick e al., 1984; Hacker, 1984).

The Meganos canyon has a more westerly trend in the southern Sacramento
basin (Edmondson, 1984; Fischer, 1984). This canyon was 71 km long, as wide as
13 km, and had a relicf as great as 762 m; the canyon fill crops out along the
north side of Mount Diablo. The canyon was filled mostly with shale and minor
amounts of turbidite sandstone that to the west grade into deep-sca-fan deposits
(Fischer, 1979, 1984). Numerous gas fields and one oil ficld are present within and
on the margins of Meganos canyon (Boyd, 1984).

The Capay Formation and correlative units form a thin (60- to 90-m-thick)

blanket of glauconitic siltstone and claystone that unconformably overlies
Paleocene and older strata throughout most of the Sacramento basin. The units
were deposited at moderate depths, under stagnant bottom conditions, and record
basin-wide transgression; conglomerate and sandstone to the north and east suggest
source areas in those directions. The Capay Formation thickens to the northwest
and west of the Midland fault, defining a northwesterly and westerly paleoslope -
(Cherven, 1983a).

The Domengine Formation is a widespread shelf sandstone about 150 m thick
that records westward progradation of a tide- and wave-dominated deltaic system
(Bodden, 1983; Cherven, 1983b). To the east and north, it grades laterally into
coal-rich fluvial deposits of the Ione Formation. Uplifts to the south and west in
the Mt. Diablo, Kirby Hills, and Stockton arch arcas resulted in an irregular
restricted basin surrounded by source areas.

Subsidence of the Sacramento basin in the late Middle Eocene yielded
inundation of the Stockton arch and Mount Diablo areas and widespread deposi-
tion of the Nortonville Formation (Cherven and Bodden, 1983). Lower-bathyal
shale west of the Midland fault and shallow-marine sandstone cast of the fault
record a west-sloping basin.

The Markley Formation is as thick as 1400 m and consists mostly of
sandstone. It records westerly transport of sands derived from a Sierran source.
Water depths increased to the west; to the south, the Markley Formation is missing
on the south flank of Mount Diablo. Post-Eocene erosion truncates the Markley
Formation to the north and east. In Late Eocene time, a regression resulted in the
cutting of Markley canyon (Almgren, 1984).

In the San Francisco Bay region, Eocene strata form widespread but scattered
outcrops. In the northwestern Diablo Range, strata cquivalent to and similar to
the Capay and Domengine Formations are about 300 m thick. In the San Jose
area, Eocene strata rest unconformably on Franciscan basement and consist of
shallow-marine breccia overlain by deep-sea-fan deposits that have mostly Sierran
source areas and form scattered outcrop areas. These turbidites may have been
deposited as deep-sea fans fed by the large submarine canyons of the Sacramento
basin (Nilsen and Clarke, 1975).

Eocene strata of the San Joaquin basin are also stratigraphically complex,
and include strata derived from Sierran, Mojave Desert, Franciscan, and Salinian
sources. The basin generally shoaled northward onto the Stockton arch, eastward
onto the flank of the Sierra Nevada, and northwestward onto uplifted parts of the
Diablo Range (Nilsen and Clarke, 1975). From east to west, fluvial, marine-shelf,
slope, basin-plain, and deep-sea-fan deposits can be differentiated.

In the northern part of the basin, shallow-marine to brackish-water deposits
of the Lower Eocene Tesla Formation include glauconitic sandstone, carbonaceous
siltstone, and anauxitic quartzose sandstone as thick as several hundred meters.
This formation was derived from the Sierra Nevada and is overlain unconformably
by thin Middle Eocene shallow-marine deposits of the Domengine Sandstone,
which in turn, is overlain by the Kreyenhagen Shale. The Kreyenhagen is 210 m
thick and includes diatomaceous and radiolarian shale, limestone lentils, volcanic
ash layers, and glauconitic sandstone; the upper part of the Kreyenhagen Forma-




tion records sedimentation in deeper-marine environments. The Kreyenhagen For-
mation grades northward into, and is overlain by, quartz-anauxitic-kaolinitic
sandstone of the Middle Eocene Poverty Flat Formation (Bartow, 1985a). On the
northeastern side of the San Joaquin basin, the nonmarine to paralic Ione
Formation is correlative with marine units to the west and south. The entire
Focene sequence is unconformably overlain by Upper Oligocene and Miocene
nonmarine strata.

To the south in the San Joaquin basin, Lower Eocene strata of the Tesla
Formation grade laterally into the upper part of the Laguna Seca Formation,
deposited under shallow-marine conditions (Bartow, 1985a). These shelf deposits
grade laterally southward into deeper-marine shale of the Lodo Formation, which
in the Vallecitos area, contains the Cantua Sandstone Member, a large deep-sea-
fan deposit derived from the Sierra Nevada (Graham and Berry, 1979; Nilsen,
1981). On the west side of the Diablo Range, a smaller deep-sea-fan deposit of
Early Eocene age crops out southeast of Hollister; this unit, the Tres Pinos
Sandstone, is 270 m thick and appears to have been derived from the Salinian
block (Nilsen, 1981). South of the Vallecitos area, Lower Eocene deposits are
represented by the laterally discontinuous Lodo Formation, chiefly deep-marine
shale that is as thick as 90 m (Dibblee, 1973b).

Lower Eocene strata of the northern and western San Joaquin basin are
overlain with local unconformity by various shallow-marine sandstone units that
record widespread uplift and shoaling of the basin. The shallow-marine units
include the Domengine Sandstone, Yokut Sandstone, and Avenal Sandstone,
which rest unconformably on Cretaceous strata; these units are as thick as 200 m
and record deposition in shallow-marine, deltaic, tidal-channel, sand-flat, and
locally fluvial environments (Slagle, 1979; Kappeler et al., 1984). In the Vallecitos
area and Temblor Range, abundant Franciscan detritus in these units indicates
uplift of the central and southern Coast Ranges; a major angular unconformity in
the Vallecitos area documents strong folding of older strata (Nilsen, 1981).

These shallow-marine units are overlain conformably by deep-marine shale
of the Kreyenhagen Formation, which blanketed most of the San Joaquin basin
in the late Middle Eocene and Late Eocenc (see references in Blueford, 1984).
However, in the Temblor Range, a large deep-sea fan, derived from the Salinian
block to the west, prograded basinward to pinch out into the Kreyenhagen
Formation. This unit, the Point of Rocks Sandstone, is as thick as 880 m, was
deposited in bathyal or greater depths, and has northeastward-directed paleocur-
rents.

In the subsurface of the southern San Joaquin basin, the deep-marine
Kreyenhagen Formation grades castward into shallow-marine deposits of the
Famosa sand, which are 60-180 m thick. The Famosa grades laterally eastward
into nonmarine deposits of the lower Walker Formation (Bartow and McDougall,
1984).

At the south end of the San Joaquin Valley, Eocene strata exposed in the
San Emigdio and western Tehachapi Mountains record a similar west-to-cast
gradation from deep-marine shale and interbedded turbidites to shelf deposits to
alluvial deposits (Nilsen, 1984c). The Tejon Formation, as thick as 1200 m, has a

basal marine conglomerate that records an Early to Middle Eocene west-to-east
transgression over crystalline basement rocks, followed by a late Middle Eocene
regression, in which shallow-marine sandstone and lagoonal siltstone are overlain
by westward-prograding fanglomerates of the lower Tecuya Formation, To the
west and north, the shelf deposits grade laterally into deep-marine shale of the
Kreyenhagen Formation. The Middle and Upper Eocene San Emigdio Formation
conformably overlies the Tejon Formation and records a second cycle of transgres-
sion and regression; this unit grades laterally northwestward into deep-marine shale
(Nilsen et al., 1973).

To the southeast of the San Joaquin basin, nonmarine deposits of the Goler
and Witnet Formations may include Eocenc strata, but appear to be chiefly of
Palcocene age (Dibblee, 1967). In the Orocopia Mountains, Lower and Middle
Eocene strata of the Maniobra Formation, 1460 m thick, rest unconformably on
granitic and gneissic basement rocks (Crowell, 1975b). These marine deposits
include a lower breccia and conglomerate, and an upper siltstone and sandstone
that were probably deposited in a shallow-marine embayment that deepened
offshore to the west.

West of the San Andreas Fault

In the Gualala area, the upper part of the thick lower Tertiary deep-sea-fan
deposits of the German Rancho Formation of Wentworth (1968) record continued
deposition into the Early and Middle Eocene. This fan complex was deposited in
a northwest-trending basin by northwest-flowing turbidity currents. To the east-
southeast of Point Reyes, Eocene deep-marine shale has been penetrated by
offshore wells.

In the La Honda basin, Eocene strata are thick and generally of deep-marine
character (Clark, 1981). The Butano Sandstone of Early and Middle Eocene age
is possibly as thick as 3000 m, rests unconformably on the Paleocene Locatelli
Formation, and was deposited as a deep-sea fan by north- and northeast-flowing
turbidity currents (Nilsen, 1979b, 1985). It was derived from erosion of granitic
basement rocks to the south in the Salinian block. The Butano Sandstonec is
conformably overlain by the San Lorenzo Formation of late Middle Eocene to
Early Oligocene age (Clark, 1981); this unit is mostly a hemipelagic shale as thick
as 900 m, deposited at bathyal depths. To the southeast, Lower to Upper Eocene
strata that are about 1000 m thick crop out in the San Juan Bautista arca (Nilsen,
1984c); these deposits include a shallow-marine basal conglomerate overlying
crystalline basement, an overlying siltstone with interbedded turbidites deposited
at bathyal depths, and an upper shallow-marine sandstone.

In the northern Santa Lucia basin, thick Eocene strata have been divided
into the Reliz Canyon Formation, Church Creek Formation, and Berry Formation
(Durham, 1974; Nilsen and Link, 1975; Poore et al., 1977, Graham, 1978). The
Reliz Canyon Formation consists of three members: (1) basal shallow-marine,
transgressive deposits of the Upper Paleocene and Lower Eocene Junipero
Sandstone Member, 55 m thick; (2) deeper-marine mudstone of the Lower Eocene
Lucia Mudstone Member, 45-110 m thick; and (3) deep-sea-fan deposits of the




Middle Eocene The Rocks Sandstone Member, as thick as 440 m. The Rocks
Sandstone was interpreted by Link and Nilsen (1980) to be a small sand-rich
deep-sea fan deposited by northwest-flowing turbidity currents in a restricted basin;
Seiders and Joyce (1984) have recognized submarine-canyon deposits cut into
crystalline basement rocks in proximal parts of this unit.

The Reliz Canyon Formation is overlain conformably by the Church Creek
Formation of Middle and Late Eocene age; it consists of thin-bedded turbidites,
shale, and mudstone as thick as 450 m, deposited at outer-shelfl to slope depths
(Graham, 1978, 1979b). The Church Creek Formation interfingers southward and
eastward with prograding fluvial redbeds of the lower part of the Upper Eocene
and Oligocene Berry Formation (Graham, 1978).

In the Sierra Madre basin, the upper part of the thick fill of the basin includes
Lower and Middle Eocene deposits that are well exposed in the Sierra Madre
Range. The sequence consists mostly of deep-marine clastic rocks deposited in a
restricted basin that shoaled northward, castward, and southward (Chipping,
1972). In the Mount Pinos area, shallow-marine Lower Eocene strata as thick as
670 m rest unconformably on granitic basement.

Eocene strata of the Santa Ynez basin are thick and widespread. Lower
Eocene deposits include the Sierra Blanca Limestone, 0-80 m thick, and deposited
on the northern flank of the basin in algal-bank, shoreline, talus-slope, and related
shallow-marine environments. The Juncal Formation conformably overlies the
basal limestone deposits; it is as thick as 1060 m, consists of interbedded sandstone
and shale deposited in shallow-marine environments to the east and north, and
deep-marine environments to the south and west. Sediment transport was
dominantly toward the southwest, where the Juncal grades laterally into deep-
marine shale of the Anita Shale. Lower Eocene strata to the southeast include
shallow-marine and nonmarine deposits of conglomerate, sandstone, and shale in
the Santa Monica Mountains, Simi Hills, and Piru Creek area; to the south,
deep-marine shale and sandstone crop out on Santa Rosa, San Miguel, and Santa
Cruz Islands.

Middle Eocene deposits in the central Santa Ynez basin consist of the
Matilija Sandstone, Cozy Dell Shale, Coldwater Sandstone, and lower part of the
Gaviota Formation. The Matilija Sandstone is as thick as 840 m and records
westward progradation of a sand-rich deep-sea fan over the Juncal Formation; it
grades upward into shallow-marine and lagoonal deposits in its upper part,
signaling the end of one cycle of basin filling (Link and Welton, 1982). The basin
subsequently deepened and a second cycle of basin filling began with turbidite
sedimentation in the upper part of the Matilija Sandstone (Ingle, 1980). The Cozy
Dell Shale is as thick as 1200 m, was deposited mostly at bathyal depths, includes
some thin-bedded turbidites transported to the southwest, and grades eastward. and
northward into shallow-marine sandstone and conglomerate (Berman, 1979; Slatt
and Thompson, 1985). The overlying Coldwater Sandstone is as thick as 760 m
and consists of shallow-marine and deltaic deposits that prograded southwestward
across the basin. In the western Santa Ynez basin, the Coldwater Sandstone grades
laterally into turbidites of the Sacate Formation, about 300 m thick, deposited by
west-flowing tubidity currents. The Gaviota Formation overlies the Coldwater and

Sacate Formations in the western Santa Ynez Mountains; it is as thick as 530 m
and its lower part consists of mudstone deposited at bathyal depths.

Middle Eocene deposits to the south and east in the Simi Hills, Piru Creek
area, and Santa Monica Mountains consist generally of shallow-marine con-
glomerate and sandstone that define an irregular shoreline. To the south, Middle
Eocene deposits in the Channel Islands consist of deep-marine shale and turbidite
sandstone with variable paleocurrent directions (Bartling, 1981; Kies, 1982a).

The Upper Eocene deposits of the Santa Ynez basin include the upper part
of the Gaviota Formation, various shallow-marine units, and the Sespe Formation,
a thick fluvial sequence that records Late Eocene and Oligocene southwestward
progradation of a complex fluvial system (McCracken, 1972).

In the Santa Ana Mountains, the Middle Eocene Santiago Formation rests
with apparent unconformity on underlying Paleocene strata. It is as thick as 820
m and consists of a basal shallow-marine conglomerate and sandstone, a middle
shallow-marine sandstone, and an upper fluvial conglomeratic sandstone.

Farther south in the western Peninsular Ranges, Eocene strata are abundant
and generally rest unconformably on either crystalline basement or Cretaceous
sedimentary strata (Eisenberg and Abbott, 1985). The Eocene sequence consists of
two major transgressive-regressive cycles (May and Warme, this volume). Fluvial
gravels and sands were transported westward across the Peninsular Ranges and
grade offshore into deep-sea-fan deposits (Link er al, 1979; Howell and Link,
1979).

The lower part of the Upper Paleocene to Upper Eocene sequence is assigned
to the La Jolla Group and includes, in ascending order: (1) a basal transgressive
shallow-marine, estuarine, alluvial-fan, submarine-canyon, and deep-sea-fan chan-
nel conglomerate and sandstone of the Upper Paleocene to Lower Eocene Mount
Soledad Formation, 70 m thick (Kies, 1982b); (2) lagoonal and tidal-channel
sandstone and mudstone of the Delmar Formation, 30-60 m thick (Clifton, 1979;
Eisenberg, 1985; Irwin, 1985); (3) shallow-marine deposits of a sandy barrier-island
system of the Torrey Sandstone, 60 m thick (Boyer and Warme, 1975; Irwin, 1985);
(4) deep-marine deposits of the Ardath Shale, 70 m thick; (5) shallow-marine to
deep-marine conglomerate, sandstone, and shale of the Scripps Formation, 65 m
thick; and (6) fluvial deposits of the Friars Formation, 35 m thick. Lohmar et al.
(1979) regrouped the upper part of the Torrey Sandstone, the Ardath Shale, and
the Scripps Formation as the Rose Canyon Formation, an assemblage of shelf-edge
deposits that includes submarine-canyon-head, lower-slope, inner-fan-channel, in-
terchannel, and channel-margin facies. May ef al. (1983) and May (1985) described
these submarine-canyon deposits. in detail and referred to the canyon complex as
the Torrey Submarine Canyon.

A second cycle of sedimentation is recorded by the Upper Eocene Poway
Group, which includes, in ascending stratigraphic order: (1) basal nonmarine
deposits of the Stadium Conglomerate, 50 m thick; (2) shallow-marine con-

~ glomerate and sandstone of the Mission Valley Formation, 58 m thick; and (3)

upper fluvial deposits of the Pomerado Conglomerate, 10 m thick. The entire
group grades laterally eastward into fluvial and fan-delta deposits of the Ballena
Gravels, as thick as 150 m (Minch, 1979; Howell and Link, 1979).







