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Cenozoic Deformation of the Franciscan Complex,
Eastern Santa Maria Basin, California

By Arthur D. Wahl'

Abstract

Mesozoic Franciscan basement rocks consisting of
mélange and minor, coherent thrust sheets are exposed
in the San Rafael Mountains of the southernmost Coast
Ranges in California. Mélange is located on the Little Pine
Mountain block that lies at the south edge of the region-
ally extensive crustal blocks of the Sur-Obispo and
Salinian terranes. South of the Little Pine Mountain block
lie the San Marcos block of the Santa Maria basin, which
includes a coherent rocks belt of the Franciscan Complex
near Lake Cachuma, and the Santa Ynez block of the
western Transverse Ranges.

The origin and evolution of Franciscan mélanges are
commonly associated with Farallon-North American Plate
interaction. Detailed mapping, combined with general litho-
logic and structural observations, reveals that the mélange
of this study formed during Late Cretaceous time as a con-
tractional, vertical, brittle-ductile shear zone. This informa-
tion is combined with investigation of the nearby Hidden
Potrero Fault (a part of the Coast Range Fault System), the
coherent rocks belt of the Franciscan Complex, and the Oso
syncline to reveal Cenozoic deformation of this mélange.
The results of this study indicate that this mélange was thrust
beneath the Great Valley sequence during Paleocene time
and redeformed by late Eocene or early Oligocene to Qua-
ternary tectonism that reflects transpression.

The transpressional structures found in this mélange
and in the adjacent rocks are associated with the Little
Pine Fault, which steepens with depth, faults the mélange,
and separates the Little Pine Mountain block from the San
Marcos block. This faultinitially formed during late Eocene
or early Oligocene time when anastomosing, steeply dip-
ping reverse or reverse-oblique-slip faults and shear frac-
tures in the mélange were reactivated and injected with
much serpentinite. The reactivation of these structures
clearly postdates regional Paleocene thrusting.

The Little Pine Fault Zone originated in mélange be-
low a set of right-stepping anticlines. These anticlines were
faulted to form southwest-directed flower structures. These
flower structures are indicative of a lateral component of
displacement along the Little Pine Fault. The orientation
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of the right-stepping anticlines relative to the strike of the
Little Pine Fault indicates dextral transpression; however,
the Little Pine Fault probably has post-Miocene, reverse-
oblique slip. The pre-Miocene slip on the Little Pine Fault
is unknown, as is the slip on this fault beyond where it
disappears southeastward beneath the Santa Ynez block.

The post-Paleocene transpressional structures of this
mélange are related to the movement of local crustal
blocks. These structures resulted, in part, from the ob-
lique convergence of the San Marcos block beneath Little
Pine Mountain block. The asymmetry of the Little Pine
Fault, as depicted in cross section, is also a result of sinis-
tral shear on the Big Pine and Santa Ynez Faults. The
mélange of the Little Pine Mountain block, with its thick
serpentinite basement, was transpressionally redeformed
and uplifted as a result of the northward convergence of
the San Marcos block combined with westward move-
ment of the blocks of the Sur-Obispo and Salinian ter-
ranes. This convergence formed local uplifts and
contractional basins where mélange is exposed along the
Little Pine Fault and caused differences in sedimentation
along this fault.

In summary, the timing and tectonic style of the Late
Eocene or early Oligocene diastrophism indicate that the
Little Pine Mountain block formed a buttress against the
northward translation of the San Marcos block by about
35 Ma. This diastrophism is related to the establishment
of the known transform boundary that formed later, dur-
ing Miocene time, and the local, oblique-convergent ge-
ometry this plate boundary must have had as the western
Transverse Ranges subsequently rotated around this but-
tress.

INTRODUCTION

The Franciscan Complex forms much of the basement
rock in the Coast Ranges of western California, which lie
between the Great Valley and the Pacific Ocean (Bailey
and others, 1964; fig. 1). The complex is a stratigraphically,
structurally, and tectonically mixed composite terrane that
generally consists of oceanic crust and terrigenous rocks
with domains of diverse age, paleogeography, and degree
of metamorphism (Blake and others, 1984). In northern
California, the domains have been grouped by similar li-
thology and tectonic style into three northwest-trending

Cenozoic Deformation of the Franciscan Complex, Eastern Santa Maria Basin, California W1
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Figure 1. Regional geologic map of the Franciscan Complex, Sur-Obispo terrane, Salinian terrane,
and major faults (modified from Bailey and others, 1970).
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EXPLANATION
Map unit

F Franciscan Complex, undivided—Locally divided into:
Fco Coastal belt
Fce Central belt

Fe Eastern Franciscan belt

G Great Valley sequence and (or) Coast Range ophiolite
SoT Sur-Obispo terrane—Basement consists of Franciscan

Complex and Coast Range ophiolite

ST Salinian terrane—Basement consists of continental margin,
high-temperature metamorphic and batholithic rocks

ﬂfu Fault—Dashed where discontinuous segments are locally

exposed; dotted where concealed
CRF Coast Range Fault System
SAF San Andreas Fault
SNF Sur-Nacimiento Fault Zone of Page (1981)

Features discussed in text

1 Diablo Range
2 Stanley Mountain
3 Mapped area—See plate 1

belts (Blake and Jones, 1981). These belts are related by
an overall increase in age and degree of high-pressure, low-
temperature metamorphism from west to east (Ernst, 1970).
The Coastal belt primarily consists of low-grade lower
Tertiary sedimentary rocks that are structurally coherent.
The Central belt is a regional-scale mélange (Blake and
Jones, 1974). Mélange, in general, is a chaotic zone of dis-
membered and mixed blocks that are commonly separated
by a ductile matrix of pervasively fractured and faulted
mudstone and (or) serpentinite. The Eastern Franciscan belt
consists of coherent blueschist-facies terranes (Jayko and
Blake, 1989; fig. 1).

In central California, Franciscan rocks form a belt of
coherent thrust sheets and mélanges (Hsii, 1968) that struc-
turally and lithologically resemble the Central belt ob-
served farther north, although Coastal belt and Eastern
Franciscan belt counterparts are not found onshore (Page,
1981). The Franciscan belts lie structurally beneath the
forearc basin Great Valley sequence that conformably over-
lies the Upper Jurassic Coast Range ophiolite (Bailey and
others, 1970; Hopson and others, 1981). Many Franciscan
rocks may represent the accretionary wedge complex of a
western North American subduction zone that developed
initially during Late Jurassic time (Hamilton, 1969;
Dickinson, 1970).

The Franciscan Complex formed as a result of
Farallon-North American Plate convergence (Page, 1972);
however, several questions about the origin and evolution
of the mélanges still remain. Franciscan mélanges are com-

monly problematic because of their chaotic nature and their
complex structure. This has led to wide differences of opin-
ion in the interpretation of a mélange and contrasting con-
clusions regarding the Mesozoic paleogeography of
western California. For example, in central California,
blocks of blueschist are present in a mudstone-matrix tec-
tonic (and minor sedimentary) mélange that formed as a
result of regional crustal shortening (Warner, 1992; Wahl,
1995), which suggests, in part, that not all Franciscan oce-
anic crust is far-traveled (Blake and Jones, 1978; Page,
1981; Wahl, 1995).
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PURPOSE AND SCOPE

The purpose of this report is to present the Cenozoic
deformational history of a mélange that is located in cen-
tral California (fig. 1). This mélange is exposed in the
southwestern foothills of the San Rafael Mountains of the
southernmost Coast Ranges (fig. 2). These foothills are
bordered by the Santa Maria basin to the west and the Santa
Ynez Mountains of the western Transverse Ranges to the
south. The study of Mesozoic Franciscan mélanges in-
volves the recognition and removal of the Cenozoic struc-
tures. This report is based in part on this analysis of the
younger deformation identified in these older Mesozoic
rocks. Results from this study are then applied to local
Pacific-North American Plate interactions.

This mélange is complexly deformed, but some de-
tails of its history may become clearer when other struc-
tures in the area are used for comparison. For this reason,
analysis of the Coast Range Fault, the Hidden Potrero Fault
(part of the Coast Range Fault System), the Oso syncline,
and the local, Franciscan coherent rocks belt is included.
This analysis is combined with some discussion of the
depositional history and paleogeography of the local cover
rocks. As background, this report summarizes several pre-
viously expressed conclusions regarding the Late Creta-
ceous and Paleocene history of this mélange (Wahl, 1995).
With this additional information, the middle and late Ceno-
zoic structure of this mélange is related to the movement
of local crustal blocks, and microplate interactions that
reflect transpression.

Cenozoic Deformation of the Franciscan Complex, Eastern Santa Maria Basin, California W3



GEOLOGIC SETTING

The Franciscan mélange in the San Rafael Mountains
(hereafter referred to informally as the San Rafael Moun-
tains mélange for convenience) lies on the Little Pine
Mountain block (Dibblee, 1966). This small block forms
the southernmost part of the greater Sur-Obispo block that
extends northward to Point Sur, near Monterey Bay (Page,
1981; figs. 1, 2; table 1). The Sur-Obispo block, bearing a
basement that is a composite of the Franciscan Complex
and Coast Range ophiolite (Sur-Obispo terrane) is sepa-
rated from the adjacent Salinian block (continental mar-
gin-arc terrane) to the east by the Sur-Nacimiento Fault
Zone (Page, 1970; Hall, 1991) and the Rinconada Fault
(Nacimiento segment, Dibblee, 1976). The Salinian block
lies adjacent to Franciscan rocks of the Diablo Range to
the east, being separated by the San Andreas Fault. The
Diablo Range and other Franciscan terranes to the north,
approaching the Klamath Mountains, are separated from
the Coast Range ophiolite and Great Valley sequence to
the east by the Coast Range Fault System (Bailey and oth-
ers, 1970). The southern extensions of the Diablo Range

exposure and the Coast Range Fault are truncated by the
San Andreas Fault. The Sur-Obispo block is truncated by
the structures of the western Transverse Ranges to the
south, whereas the Salinian block complexly merges with
the blocks of the Transverse Ranges.

The San Rafael Mountains mélange forms a northwest-
trending belt about 40 km long and up to about 4 km wide
along the southwest margin of the Little Pine Mountain
block (figs. 2, 3). The Little Pine Mountain block, which
lies at the south edge of the Sur-Obispo and Salinian ter-
ranes, has been uplifted along the gently to steeply north-
dipping Little Pine Fault over gently to openly folded
Cenozoic rocks of the San Marcos block to the south
(Dibblee, 1966). The San Marcos block, which forms part
of the Santa Maria province onshore, is separated from the
Santa Ynez block of the western Transverse Ranges prov-
ince to the south by the Santa Ynez Fault (Dibblee, 1966;
table 1). The northwest end of the mélange belt is buried
by Neogene rocks 3 km southeast of Zaca Creek (fig. 3).
To the southeast, the mélange is truncated by the Santa
Ynez Fault where the Little Pine Mountain, San Marcos,
and Santa Ynez blocks merge at the surface. At this junc-
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Figure 2. General geologic map of onshore Santa Maria basin, San Rafael Mountains, and Santa Ynez-Topa Topa
Mountains showing Franciscan rocks, local crustal blocks, terranes, and major faults (modified from Dibblee, 1982,

1991). Area of plate 1 shaded.
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CB
LPM
SMB
SOT

ST
SYB

SAF
I

BPF
CRF
CHF
CUF
EHF
FCF
GF
HF
HPF
LPF
OMF
PMF
RF
RMF
SAF

Table 1. Local and regional crustal blocks, terranes, and tectonic provinces in study area

Sur-Obispo terrane (includes Great Valley sequence and Coast
Range ophiolite)

Salinian terrane (continental magmatic arc)

Santa Ynez block

Fault—Dotted where concealed. Major faults labeled:

Big Pine Fault

Coast Range Fault

Cachuma Fault

Camuesa Fault

East Huasna Fault

Foxen Canyon Fault

Garlock Fault

Hildreth Fault

Hidden Potrero Fault (local part of Coast Range Fault System)
Little Pine Fault

Old Man Fault

Pine Mountain Fault

Rinconada Fault (Nacimiento segment) of Dibblee (1991)
Red Mountain Fault

San Andreas Fault

HDS
LPS

-4~

- .y

0 N O g M~ W N

LOCAL CRUSTAL BLOCK § REGIONAL CRUSTAL BLOCK TERRANE TECTONIC PROVINCE
Littte Pine Mountain Sur-Obispo Sur-Obispo
Santa Ynez ? Western Transverse Ranges
San Marcos Sur-Obispo Sur-Obispo Santa Mana
Salinian Salinian
EXPLANATION
Map unit SCF San Cayetano Fault
Franciscan Complex (of Sur-Obispo terrane) SGF San Gabriel Fault
Coherent rocks belt (of Franciscan Complex) SJF San Jose-Mesa Faults
Little Pine Mountain block SYF Santa Ynez Fault
San Marcos block WHF West Huasna Fault

of plunge; queried where inferred. Major synclines
labeled:

Hurricane Deck syncline

Loma Prieta syncline
Anticline—Showing trace of axial plane
Santa Maria River
Geologic features discussed in text

Ynezan orogeny of Dibble (1991) unconformity—Two
locations

Espada Formation of Dibble (1966)—Two locations
Features discussed in text

Blue Canyon

Foxen Canyon

Cafiada Honda Creek

San Rafael Mountains

Santa Maria basin

Sisquoc Canyon

Stanley Mountain

Santa Ynez-Topa Topa Mountains

Cenozoic Deformation of the Franciscan Complex, Eastern Santa Maria Basin, California

_LE.S%. 4 Syncline—Showing trace of axial plane; arrow shows direction
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ture, in Blue Canyon, lies a semi-coherent Franciscan ex-
posure that is presumably part of the Santa Ynez block,
being bounded by the Santa Ynez Fault Zone (Dibblee,
1986a). The mélange is separated from rocks to the north-
east by the nearly vertical, northwest-striking Camuesa
Fault. Northeast of the Camuesa Fault lies a closely folded,
thick section of the Upper Jurassic and Lower Cretaceous
Espada Formation (Dibblee, 1966) and the Upper Creta-
ceous Cachuma Formation (Dibblee, 1991; Atascadero For-
mation, J.G. Vedder, oral commun., 1993). These
formations have been assigned to the Great Valley sequence
because they conformably overlie the Coast Range
ophiolite at Stanley Mountain (Hopson and others, 1981;
Vedder and others, 1989). In Cachuma Canyon (fig. 3),
the Little Pine Fault branches and cuts Pleistocene rocks
(Dibblee, 1993). Also in Cachuma Canyon, the Camuesa
Fault deflects the east-west-striking Big Pine Fault that
apparently joins the high-angle, northwest-striking
Cachuma Fault here (Dibblee, 1991). The Big Pine Fault
cuts the Rinconada Fault, and is itself cut by the San
Andreas Fault to the east (fig. 2).

The San Rafael Mountains mélange consists prima-
rily of a chaotic assemblage of dismembered and mixed
blocks of terrigenous rock, upper-level oceanic crust, and
serpentinized mantle peridotite that are, at various scales,
separated or enveloped by matrix. Matrix is commonly
mudstone and (or) fine-grained serpentinite. A minor(?)

amount of matrix consists of greenstone and chert. All
matrix is pervasively fractured and faulted, and all con-
tacts between blocks and matrix are presently structural.
Sparse, isolated blocks of metagraywacke, glaucophane
schist, greenschist, and amphibolite are also found in the
mélange. The sandstone (graywacke) has been subjected
to diagenetic alteration (Warner, 1992). Basal chert over-
lying greenstone (altered basalt) is Kimmeridgian and
Pliensbachian in age, but the chert is as young as early
Tithonian (Pessagno, 1977; Hopson and others, 1981). One
late Tithonian Buchia (mollusk; W.P. Elder, written
commun., 1992) was found in a sandstone block during
mapping (pl. 1). The only known age of mudstone in the
mélange is Late Cretaceous (based on microfossils identi-
fied by J.S. Clark, in Dibblee, 1991).

In Horse Canyon near Santa Cruz Creek, the Little
Pine Fault intersects the gently north-dipping Loma Alta
Fault (pl. 1; fig. 3). The Loma Alta Fault bends southeast-
ward around Loma Alta peak, where it separates thrusted
Miocene rocks from underlying Pleistocene rocks (Dibble,
1987a). A probable eastern extension of the Loma Alta
Fault (Schussler, 1981) locally faults a 10-km-long
Franciscan coherent rocks belt located in Aliso, lower Oso,
and lower Red Rock Canyons. The coherent rocks belt con-
sists of Upper Jurassic, upper-level oceanic crust, sand-
stone, and shale that dips moderately northeast (Schussler,
1981) and forms a series of thin thrust sheets. A blueschist
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Figure 3. General geologic map of study area including folds and faults and exposed Franciscan rocks and Espada
Formation (modified from Dibblee, 1991). Area of plate 1 shaded.
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block is also present (A.G. Sylvester, oral commun., 1993),
but serpentinite is absent. The Eocene Sierra Blanca Lime-
stone depositionally overlies this belt and the contact is
well exposed in Aliso Canyon (Dibblee, 1950).

A small exposure of Franciscan mélange is located in
the far western part of the Santa Ynez Mountains near
Caflada Honda Creek where shale of the Upper Jurassic(?)
or Cretaceous Honda Formation and Espada Formation
crops out (Dibblee, 1950, 1982; fig. 2, loc. B). At Point
Sal, 35 km north of Cafiada Honda Creek, there is an ex-
cellent exposure of Coast Range ophiolite (Hopson and
others, 1981), although Franciscan rocks are not exposed
there.

The landforms of the San Rafael Mountains mélange
generally consist of rolling hills and low mountains that
are covered by tall grass and lesser amounts of chaparral
and oak trees. Rounded to sharply angular mélange blocks
form outcrops of high relief, and the deflection of several
creeks by erosionally resistant blocks has caused complex
drainage patterns. Several large landslides are clearly
present in the study area, but locally it is difficult to dis-
tinguish in-place mélange from landslide debris.

MELANGE STRUCTURE

Although many of the mélange blocks are separated
by matrix, detailed mapping of the mélange exposed along
Santa Cruz Creek (fig. 3) reveals that several types of rocks
form at least locally continuous, map-scale, lithologic
bands (pl. 1). These bands consist of contiguous mono-
lithic and polygenetic blocks that are separated by minor
faults. The trends of these bands are roughly parallel to
the strike of the matrix foliation (closely spaced cleavage
consisting of anastomosing ductile shear fractures); to the
strike of the high-angle, reverse and oblique-slip faults that
bound the contiguous blocks; and to the strike of the bed-
ding in the blocks. The structure of the blocks and matrix
is concordant with the trends of lithologic bands, and the
lithologic bands reflect the structural order present in the
mélange.

Much of the structure of the mélange is nearly verti-
cal. Faults, foliation, axial surfaces of folds, and bedding
commonly dip steeply. Fold axes locally plunge steeply.
The mélange is a complex of tectonically arranged litho-
logic bands, which together with the concordant matrix

EXPLANATION

Map unit
CB Coherent rocks belt (of Franciscan Complex)
E Espada Formation of Dibblee (1966)
F Franciscan Complex
Kc Cachuma Formation of Dibblee (1991)

Quaternary rocks (general distribution)
T Tertiary rocks

RF _ Fault—Dotted where concealed. Major faults labeled:

BPF Big Pine Fault
CHF Cachuma Fault
CUF Camuesa Fault
GF Garey Fault
HF Hildreth Fault
HPF Hidden Potrero Fault (local part of Coast Range Fault System)
LAF Loma Alta Fault
LPF Little Pine Fault
RF Rinconada Fault (Nacimiento segment) of Dibblee (1991)
SYF Santa Ynez Fault

Fold—Showing trace of axial plane

*. EMA..... Anticline—Arrow shows direction of plunge. Major anticlines
labeled:

ACA Auga Caliente anticline
BCA Buckhorn Creek anticline
DCA Diablo Canyon anticline
SMA San Marcos anticline

.*. b8 wam.  Syncline—Arrow shows direction of plunge. Queried
where inferred. Major synclines labeled:

HDS Hurricane Deck syncline
LS Little Pine syncline
LPS Loma Prieta syncline
MS Mono syncline
ZS Zaca syncline

b ‘f}p 2 Overturned syncline— Major overturned syncline labeled:
oS Oso syncline

Features discussed in text

1 Aliso Canyon

2 Arroyo Burro

3 Blue Canyon

4 Cachuma Canyon
5 Cachuma Peak

6 Devils Canyon

7 Horse Canyon

8 Loma Alta

9 Lower Oso Canyon
10 Lower Red Rock Canyon
11 Red Rock
12 Tequepis Canyon
13 Zaca Canyon

Cenozoic Deformation of the Franciscan Complex, Eastern Santa Maria Basin, California W7



foliation and a block-shape foliation, form a map-scale
“shear foliation” that has the appearance of a crude flow
structure. The abundance and near-vertical structure of
serpentinite, combined with its tectonic envelopment of
overlying blocks that include blueschist, indicate that a
thick, regionally extensive body of serpentinite lies at the
structural base of the mélange. The presence of upright
and steeply inclined, tightly folded chert and greenstone
beds, combined with the presence of opposite-facing chert
that lies along the margins of several greenstone blocks,
indicate that map-scale folding, rather than mere thrusting
alone, caused the repetition of chert and greenstone across
the mélange belt.

Serpentinite forms the most extensive bands in the
mélange. These tectonic bands of serpentinite cut those of
chert and greenstone, and presumably cut the foliation of
the Upper Cretaceous(?) mudstone matrix. Considering the
relict igneous texture, the abundance, and the upward mo-
bility of serpentinite, the trace amount of sedimentary ser-
pentine found in sandstone was most likely derived from a
minor (Jurassic?, Cretaceous?) source, and the abundant
serpentinite in the mélange was emplaced by (Cenozoic)
tectonism. The structure of the serpentinite clearly indi-
cates that it was squeezed-up and injected along high-angle
shear fractures and reverse faults in the mélange, at least
during Quaternary time. The serpentinite bands, in con-
trast to the chert and greenstone bands, are not truncated
by the Little Pine and Camuesa Faults (pl. 1). The
serpentinite bands within the mélange become the
serpentinite bands that follow the traces of these two faults.
This serpentinite tectonism occurred during or after initial
displacement on the Little Pine and Camuesa Faults. The
local Quaternary reverse slip on the Little Pine Fault con-
clusively indicates that the tectonic emplacement of the
major serpentinite bands within the mélange is related to
crustal shortening during Quaternary (Pleistocene) time
(Warner, 1992, pl. 1; pl. 1).

Lithologic study, detailed mapping, and structural ob-
servations reveal a stratigraphic and structural order in the
mélange (Wahl, 1995). The mélange apparently developed
in place, when coherent, undeformed greenstone, chert, and
terrigenous rocks were being deformed into map-scale,
upright folds (fig. 4). Continued horizontal shortening ver-
tically extruded all of these rocks on conjugate and anas-
tomosing, high-angle reverse faults that cut the folds. The
principal direction of horizontal shortening roughly bisects
the obtuse angle between the conjugate faults in green-
stone blocks, which is opposite to that seen in brittle fault-
ing. These structures have geometric and kinematic
properties that are found in known contractional, verti-
cal, brittle-ductile shear zones (Ramsay and Huber,
1987). The shortened serpentinite basement was ductily
deformed and squeezed-up into the overlying rocks
along high-angle shear fractures and faults in the
mélange (figs. 4, 5).

The initial folding and faulting to form the mélange
occurred during Late Cretaceous time (see below, Hidden
Potrero Fault). Plate convergence may have been directed
slightly(?) oblique to the strike of the structure at this time
to form doubly plunging folds and anastomosing, high-
angle reverse faults. Before or during this tectonism, how-
ever, regional thrusting is inferred to have juxtaposed the
coherent upper crust with contractionally uplifted meta-
morphic rocks (for example, Wahl, 1995, pls. 3a-5; also
see below, Coherent Rocks Belt), which suggests high-
angle convergence. The mélange itself has not been sub-
jected to large-scale, strike-slip faulting on the basis of
sedimentary and other rock-type distributions (Warner,
1992). Later regional thrusting during latest Cretaceous and
Paleocene time (see below) further suggests that conver-
gence was directed approximately perpendicular to the
strike of the structure during all of Late Cretaceous time.
Middle to late Cenozoic deformation includes high-angle,
reverse and oblique-slip faulting, and the injection of much
serpentinite, which complicated the polyphase structure of
the mélange. Considering the apparent distension of the
structure along strike (pl. 1), the direction of convergence
was probably oblique during this time.

HIDDEN POTRERO FAULT

The Hidden Potrero Fault is a low-angle fault that
is exposed between the Camuesa and Little Pine Faults
along the Camuesa Ridge fire road, 0.5 km west of Hid-
den Potrero (Dibblee, 1986b, mapped as depositional
contact; fig. 3). This fault separates the mélange from
the overlying Espada Formation. Displacement on the
Hidden Potrero Fault postdates most of the tectonism
that formed the mélange, because most of the steeply
dipping structures of the mélange are truncated by this
low-angle fault; however, the bands of serpentinite are
a major exception.

The age of the Hidden Potrero Fault is presumably
Paleocene. Its maximum age is inferred to be Paleocene,
because the Cachuma Formation (Upper Cretaceous)
unconformably overlies the Espada Formation without
angular discordance (J.G. Vedder, oral commun., 1993;
T.W. Dibblee, Jr., oral commun., 1994). It is clear that the
faulting took place before Eocene time because the Eocene
Sierra Blanca Limestone that is located on the southeast
side of Cachuma Canyon and surrounded by a splay of the
Little Pine Fault (Dibblee, 1993) depositionally overlies
both the mélange and a small exposure of moderately dip-
ping, well-bedded Espada Shale (Dibblee, 1993, mapped
as Franciscan Shale). Furthermore, in Cachuma Canyon,
the adjacent, large block composed of the Espada Forma-
tion overlies this mélange of undoubted Franciscan rocks
along a low-angle fault (Dibblee, 1993, mapped as deposi-
tional contact), without any intervening Eocene strata. The
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Sierra Blanca Limestone commonly contains Franciscan-
derived detritus.

The Hidden Potrero Fault presently is a northeast-dip-
ping thrust fault. Displacement on the Hidden Potrero Fault
resulted in the removal of the basal (Jurassic) Espada For-
mation and its underlying Coast Range ophiolite strati-
graphic basement, and accounts for the presence of
unsheared blocks composed of the Cretaceous section of
the Espada Formation and mélange in the Little Pine Fault
Zone. The unsheared blocks are klippen that have since
been folded, faulted, and eroded; they thus reflect the later

Tertiary deformational history of the mélange. Judging
from its trace, the Hidden Potrero Fault has been slightly
folded by vertical displacements associated with the
mélange and the Little Pine and Camuesa Faults.

COAST RANGE FAULT

The mélange was thrust beneath the Espada Forma-
tion along the Hidden Potrero Fault during Paleocene time.
This fault is part of the Coast Range Fault System, on the

EXPLANATION
KJf Terrigenous rocks (Early Cretaceous and Late Jurassic)
Jec Chert (Late to Early Jurassic)
Greenstone (Early Jurassic)
Jsp Serpentinite (Jurassic)

Fault—Arrows indicate direction of relative movement

w“""’
:? Direction of compressional force

Figure 4. Schematic cross section of mélange structure during
early phase (Late Cretaceous) deformation. Coherent oceanic
crust and overlying terrigenous rocks are deformed into map-
scale, upright folds. Minor injection of serpentinite is shown along
conjugate and anastomosing, high-angle reverse faults and
ductile shear fractures in greeenstone. Section is simplified by
omission of possible low-angle faulting and interbedded chert
and greenstone.
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EXPLANATION

KJf Terrigenous rocks (Early Cretaceous and Late Jurassic)—Includes matrix, shown
with foliation (short dashes) and chert fragments (black)

Jc Chert (Late to Early Jurassic)

Greenstone (Early Jurassic)—Some blocks show layering (parallei-line pattern)
Jsp Serpentinite (Jurassic)—Includes matrix (Cretaceous?) (foliation not shown)

mgmapen  Fault—Arrows indicate direction of relative movement

:; Direction of compressional force

Figure 5. Schematic cross section of mélange structure at present. Section includes chert fragments, anastomosing
and conjugate faults, and the injection of serpentinite along high-angle, ductile shear fractures and reverse faults.
Section is simplified by omission of possible Campanian(?) sedimentary mélange and low-angle Paleocene(?) faulting.
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basis of the ages and types of rocks it displaces and on its
shallow dip, age, and location (Bailey and others, 1970;
Page, 1981; figs. 1-3), although the Coast Range ophiolite
is absent along its trace. Farther north, the Sur-Nacimiento
Fault Zone separates the Franciscan basement of the Sur-
Obispo terrane from the continental margin-magmatic arc
basement of the Salinian terrane. Parts of the Salinian ter-
rane are surrounded by mélange near Point Sur, as are parts
of the Coast Range ophiolite and the Great Valley sequence
(Hall, 1991). In contrast, the trace of the Rinconada Fault
is roughly linear (Dibblee, 1976, 1991), which suggests
that the Sur-Obispo and Salinian terranes were juxtaposed,
at least in part, by strike-slip faulting (fig. 1).

Considering the contractional nature of the Sur-
Nacimiento Fault Zone during Paleocene time, as proposed
by Page (1970, 1972, 1981) and Hall (1991), the joining
of the Sur-Obispo and Salinian terranes is primarily re-
lated to the development of the Coast Range Fault. The
Coast Range Fault is located east of the Salinian terrane in
the Diablo Range where the Great Valley sequence struc-
turally overlies the Franciscan Complex (Bailey and oth-
ers, 1970; fig. 1). This fault is truncated by the San Andreas
Fault to the south, which strongly suggests that this part of
the Coast Range Fault was joined along strike to the Sur-
Nacimiento Fault Zone. Apparently, most of the Sur-Obispo
terrane was west of the Salinian terrane during Late Creta-
ceous time. The two terranes were then juxtaposed by
thrusting along the Coast Range Fault during Paleocene
time (or possibly earlier, by transform faulting during Late
Cretaceous time, Vedder and others, 1983). Lateral and
vertical displacement along the Sur-Nacimiento Fault Zone
(and the Rinconada Fault) may have cut the thrust struc-
ture and, therefore, that displacement is younger than
middle Eocene and unrelated to the Coast Range Fault.
The Coast Range ophiolite and Great Valley sequence evi-
dently were being thrust beneath the Salinian terrane while
Franciscan mélange was being thrust beneath both the
forearc and the continental margin-arc terrane.

COHERENT ROCKS BELT

The coherent rocks belt of the Franciscan Complex is
exposed in lower Oso, lower Red Rock, and Aliso Can-
yons (fig. 3). The geologic history of this orderly belt may
indirectly reveal more about the Mesozoic history of the
mélange. The coherent rocks belt is also noteworthy be-
cause of its late Eocene or early Oligocene to Quaternary
structure (see below, Oso Syncline).

During Late Cretaceous time, prior to the structural
imbrication of the coherent rocks belt, the terrigenous sec-
tion was thinned, presumably by erosion. Additionally,
serpentinite and crustal ultramafic rocks are absent from
this belt, as are plutonic and intrusive rocks that are
comagmatic with its greenstone. The abyssal rocks that

were originally present in this belt were structurally re-
moved by subduction before(?) imbrication.

The thrust sheets of the coherent rocks belt dip mod-
erately, in contrast to the near-vertical structures of the
mélange, although mélange bearing blueschist is believed
to partially underlie and envelope this belt. After its thin-
ning and imbrication, the coherent rocks belt was thrust
southwestward, with respect to its present orientation, over
blueschist-bearing mélange that did not contain
serpentinite. In this account, post-imbricational thrusting
took place during Paleocene time when the presently ex-
posed mélange was thrust beneath the Espada Formation
along the Hidden Potrero Fault (Alisan orogeny of Dibblee,
1991; table 2). During Late Cretaceous and Paleocene time,
the mélange and the coherent rocks belt were apparently
evolving together as a fold and thrust belt. The folds were
faulted to form tectonic mélange that was then thrust be-
neath the coherent rocks (thrust) belt and the Espada For-
mation.

The specific fault that juxtaposed the coherent rocks
belt with the Espada Formation before and (or) during the
Paleocene regional thrusting is not precisely known, but it
is thought to be related to the contractional detachment
faults that separated these terranes from their respective
basements during Late Cretaceous time (fig. 6; assuming
the paleogeography presented above). Thrusting on a Coast
Range Fault, however, cannot easily explain the presence
of the Espada Formation along the north side of the Santa
Ynez Fault near Lake Cachuma (Dibblee, 1987b; loc. B in
fig. 2, fig. 3), because the Espada Formation may not have
been thrust over the coherent rocks belt south of the Oso
syncline (fig. 3). A similar condition exists between the
Franciscan mélange, the overlying Coast Range ophiolite,
and the Espada Formation at Stanley Mountain (Brown,
1968; Vedder and others, 1989), and the Coast Range
ophiolite at Point Sal (fig. 2). At Stanley Mountain, the
Coast Range ophiolite only overlies the mélange on its
northeast side, whereas Cretaceous strata of the Espada
Formation overlie the mélange on its southwest side. South-
west displacement by thrusting, therefore, does not easily
account for the presence of the Coast Range ophiolite at
Point Sal. Alternatively, it may be that strike-slip faulting
of the San Marcos block displaced the fragments of the
Coast Range ophiolite and Espada Formation into their
outboard position. Near Cafiada Honda Creek, pervasively
fractured and faulted Honda shale and unsheared Espada
shale overlie Franciscan mélange (Dibblee, 1950; 1982;
fig. 2, loc. B); presumably, these rocks were originally jux-
taposed along a Coast Range Fault as well. Paleocene(?)
strike-slip faulting may have occurred after thrusting, and,
in this case, plate convergence apparently was oblique.

An exposure of semi-coherent Franciscan rocks is lo-
cated at Blue Canyon (fig. 3). These Franciscan rocks may
have been rotated with the other rocks of the Santa Ynez
block (for example, Luyendyk and others, 1985), includ-
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ing the batholithic(?) rocks exposed on Santa Cruz Island
(Gordon and Weigand, 1994; fig. 1). The contact between
these Franciscan rocks and the overlying, uppermost Cre-
taceous strata to the south may be an unconformity in the
subsurface. If so, then the Espada Formation is not present
on the Santa Ynez block, at least locally. Furthermore, these
uppermost Cretaceous strata overlying Franciscan rocks
may correlate with the uppermost Cretaceous strata that
overlie Salinian crystalline basement (Vedder and others,
1983). Alternatively, the subsurface contact may be a Coast
Range Fault. In either case, a major fault (Paleocene and
(or) Late Cretaceous faulting) apparently separates these
undoubted Franciscan rocks from the nearby batholithic
rocks on Santa Cruz Island. Considering these uncertain-
ties, the specific paleogeography of the basement rocks of
the Little Pine Mountain block relative to the San Marcos
block and the Santa Ynez block during Paleocene time is
not well known.

OSO SYNCLINE

After Paleocene tectonism, a thick sequence of lower
and middle Eocene strata was deposited on the mélange
and on an erosionally and tectonically thinned klippe of
the Espada Formation and the coherent rocks belt. Before
the deposition of the coarse sediments of the upper middle
Eocene to lower Miocene Sespe Formation (Vedder, 1972;
Howard, 1987, 1995, locally upper Oligocene, possibly
lower Miocene at Loma Alta), the mélange was uplifted
and most of the overlying Eocene sequence was eroded.
Only a small part of this sequence is preserved in Cachuma
Canyon (Dibblee, 1993; fig. 3). Fortunately, a nearly com-
plete section of pre-late Eocene rocks is found in the Oso
syncline where it depositionally overlies the coherent rocks
belt with an angular unconformity of about 25° (Schussler,
1981; figs. 3, 7).

Table 2. Correlation of rock units and events. All rock units and structural and orogenic events described by Dibblee
(1991) except where otherwise noted. References: 1, Ages in parentheses are uncertain; 2, Thomas and others (1988); 3,
Howard (1995); 4, Hopson and others (1981); 5, Bailey and others (1964); 6, Hall (1981); 7, Atwater (1989); 8, Luyendyk

and others (1985)
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The axis of the locally recumbent, southwest-verging
Oso syncline lies between, and parallel to, the Little Pine
Fault Zone and the presently exposed coherent rocks belt
in lower Red Rock Canyon. On the north limb of the syn-
cline, steeply dipping Eocene beds lie beneath the uncon-
formable, gently folded Sespe Formation and younger
strata. The south limb of the syncline dips moderately
northeast, with one exception near Loma Alta where the
Eocene Sierra Blanca Limestone is vertically dipping be-
neath unconformable, gently dipping Sespe Formation
(Schussler, 1981, pl. 1). On the overturned north limb,
pieces of Franciscan float rest on gently dipping, overturned
Sierra Blanca Limestone. This float was presumably de-
rived from overturned beds of the coherent rocks belt.

A block composed of Lower Cretaceous strata (Schus-
sler, 1981) of the Espada Formation lies in the Little Pine
Fault Zone and structurally overlies the overturned limb

of the Oso syncline. This isolated block composed of the
Espada Formation is enveloped by Franciscan mélange
containing blueschist and serpentinite. The Paleocene Hid-
den Potrero Fault evidently separates this block in the
subsurface from the underlying mélange. A Paleocene
basal thrust fault is inferred to underlie the coherent
rocks belt in the subsurface as well, separating it from
locally underlying mélange that does not contain
serpentinite (fig. 7).

In summary, both the coherent rocks belt and the
Espada Formation were contractionally detached from their
respective basements during Late Cretaceous time, thrust
over tectonic mélange as a result of Paleocene diastro-
phism, and then covered by the Sierra Blanca Limestone
during Eocene time. The coherent rocks belt and the Espada
Formation were, in this case, roughly adjacent and at ap-
proximately the same structural level before the develop-
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EXPLANATION —_
Rock units
GvV Great Valley sequence—Consists of Espada Formation and Cachuma Formation
C Coast Range ophiolite

Franciscan Complex—Divided into:

SR San Rafael Mountains mélange—Informal unit
CR Coherent rocks belt and lithologically equivalent rocks
AM Amphibolite and glaucophane schist

S Serpentinite

L Lawsonite- and jadeite-bearing metagraywacke

Pumpellyite-bearing metagraywacke

G Unmetamorphosed graywacke
CA Campanian(?) Franciscan strata
oC Oceanic crust (Farallon Plate)

Contact—Dashed where inferred
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e FaUlt—Dashed where inferred. Arrows show direction of relative movement. CRF,

Coast Range Fault

Figure 6. General tectonic cross section of study-area region during Paleocene time after thrusting of mélange beneath
coherent rocks belt and Espada Formation along the Coast Range Fault. Serpentinite including minor metamorphic rock

generally underlies mélange.
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ment of the Oso syncline and the Little Pine Fault. During
late Eocene or early Oligocene time, the Oso syncline
formed as the pre-late Eocene sequence and the underly-
ing coherent rocks belt were folded almost to their present
structure (Ynezan orogeny of Dibblee, 1991; table 2). The
syncline formed as a result of crustal shortening that is
related to the folding of the coherent rocks belt beneath
the Espada Formation. This origin is indicated because this
locally recumbent, southwest-verging fold lies structurally
beneath the southwest-thrusted block composed of the
Espada Formation.

The geometry and kinematics of the Oso syncline sug-
gest a change in tectonic style from Late Cretaceous and
Paleocene thrusting to late Eocene or early Oligocene fold-
ing and high-angle, reverse faulting. The presence of the
structurally overlying Espada Formation above the over-
turned limb of this fold suggests that the Little Pine Fault
originated as a result of Ynezan tectonism. Ynezan tec-
tonism apparently must have redeformed the mélange, con-
sidering the amount of shortening indicated by the Oso
syncline, combined with the propensity of the mélange,
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with its weak serpentinite basement and inherited Creta-
ceous structure, to be squeezed upward. As a result, the
pre-late Eocene rocks overlying the mélange were uplifted
and mostly eroded, whereas the pre-late Eocene rocks in
the Oso syncline were preserved.

Angular unconformities that may reflect Ynezan tec-
tonism are found at two other locations in the region. Along
the northeast side of the Rinconada Fault, near Stanley
Mountain (fig. 2, loc. A), redbeds of Oligocene(?) strata
overlie strata of Paleocene(?) to Eocene age with an angu-
lar unconformity of 70° (Vedder and Brown, 1968). Far-
ther southeast, the Rinconada Fault is offset by the Big
Pine Fault, and continues southeast as the Pine Mountain
Fault (Vedder and Brown, 1968). Near the junction of the
Big Pine and Pine Mountain Faults (fig. 2, loc. A), Oli-
gocene rocks overlie synclinally folded Eocene rocks with
an angular unconformity of about 25° (estimated from Dib-
blee, 1991, fig. 9, section J-K). On the basis of its age,
asymmetry, and proximity to the Pine Mountain Fault, the
tectonic history of this syncline may be broadly analogous
to that of the Oso syncline, although this syncline appears
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Figure 7. Schematic cross section of Oso syncline showing pre- and post-Sespe Formation unconformities and basal
thrust faults that lie beneath coherent rocks belt of the Franciscan Complex and Espada Formation (modified from

Schussler, 1981).
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likely be a right-step of the Hurricane Deck syncline (see
below, Late Cenozoic History).

During late Oligocene time, coarse sediments of the
Sespe Formation that included much Franciscan-derived
detritus were deposited on the deformed, pre-late Eocene
rocks that overlie the coherent rocks belt in the Oso syn-
cline. These sediments were deposited directly on the co-
herent rocks belt where the pre-late Eocene rocks were
completely eroded (Dibblee, 1987a), and probably on
mélange as well. During early Miocene time, the coherent
rocks belt and the mélange were uplifted (see below, Late
Cenozoic History). The Sespe Formation was then eroded
off most of the presently exposed coherent rocks belt, but
it is found along the axis of the Oso syncline overlying the
pre-late Eocene rocks. This distribution of the Sespe For-
mation suggests renewed folding of the Oso syncline and
further contractional deformation and uplift of the coher-
ent rocks belt and the mélange (Lompocan orogeny of
Dibblee, 1991).

The Sespe Formation is absent on much of the San
Marcos block (Hall, 1981; T.W. Dibblee, Jr., oral commun.,
1993), either through erosion or nondeposition, with the
Oso syncline area being one exception. The Sespe Forma-
tion is also present on the San Marcos block from Arroyo
Burro to Devils Canyon, near the Oso syncline (Dibblee,
1986b, 1987a; fig. 3), and in Tequepis Canyon, near Lake
Cachuma (Dibblee, 1987b; fig. 3). At these two localities,
north-dipping Sespe Formation including conglomerate
overlies Eocene sandstone, and underlies the upper Oli-
gocene to lower Miocene Vaqueros Formation and the lower
Miocene Rincon Formation (Dibblee, 1991) to form part
of a conformable, Eocene-Oligocene-Miocene sequence
(Dibblee, 1986b, 1987a, b; table 2). This sharp contrast in
Oligocene stratigraphy between the Oso syncline and Dev-
ils Canyon areas indicates that the Devils Canyon area re-
ceived a thick, conformable layer of Eocene to Miocene
sediment both during and after the initial formation of the
Oso syncline. Although this difference in stratigraphy sug-
gests that a major fault separates the Oso syncline from
the Devils Canyon area, none was found.

The Devils Canyon area evidently was synclinally
down-buckled as the Oso syncline formed during Ynezan
contraction. Renewed folding and faulting related to
Lompocan tectonism further uplifted the coherent rocks
belt and the mélange. As a result, the Sespe Formation was
eroded off most of the coherent rocks belt that is presently
exposed, and off mélange wherever it may have been
present. Sand of the lower and middle Miocene Hurricane
Deck Formation (Thomas and others, 1988) was then de-
posited unconformably (in agreement with Dibblee, 1966,
cross section; Dibblee, 1987a; contrast, Dibblee, 1966, text;
Schussler, 1981; Howard, 1995) on gently folded Sespe
Formation in the Oso syncline area, and conformably on
the Vaqueros Formation and the Rincon Formation in the
Devils Canyon area.

LATE CENOZOIC HISTORY

Sand of the lower and middle Miocene Hurricane Deck
Formation (Thomas and others, 1988) was deposited on
the coherent rocks belt and mélange of the Franciscan
Complex. Basalt contemporaneous with vitric tuff of the
Obispo Formation (Hall and others, 1979) locally overlies
the Hurricane Deck Formation, prevalently along the Little
Pine Fault northwest from Cachuma Canyon and along this
trend to the Santa Maria River (Hall, 1981; Dibblee, 1991;
fig. 2). Also, the abundance of serpentinite in the mélange
increases significantly northwest of Cachuma Canyon
(Hall, 1981; Dibblee, 1993). A minor exposure of basalt
lies in the upper part of Santa Cruz Creek (on the north
side of the Hildreth Fault in Black Canyon, Dibblee, 1991).
The Hurricane Deck Formation contains Franciscan-de-
rived detritus (Dibblee, 1993).

The Hurricane Deck Formation is thickest (1,180 m,
Dibblee, 1991) in the Hurricane Deck syncline (fig. 3),
where it conformably overlies the Rincon Formation. In
sharp contrast, the Hurricane Deck Formation is very thin
(about 50 m, pl. 1) along the margins of the presently ex-
posed mélange. The Hurricane Deck Formation is locally
missing in Cachuma Canyon where the Monterey Forma-
tion (Dibblee, 1989) depositionally(?) overlies the mélange
(Dibblee, 1993), and to the southeast in the Mono syn-
cline and the Diablo Canyon anticline where the Monterey
Formation overlies the Espada Formation (Dibblee, 1986b;
fig. 3). Furthermore, the Hurricane Deck Formation is
mostly missing on the San Marcos block (Dibblee, 1995),
except for a few places near Lake Cachuma. In Devils Can-
yon, the Hurricane Deck Formation is about 200 m thick,
and in Tequepis Canyon it is about 50 m thick (fig. 3). In
both of these canyons, the Hurricane Deck Formation con-
formably overlies the Rincon Formation (Dibblee, 1986b,
1987a, b). The Hurricane Deck Formation is also present
in the Oso syncline (about 50 m thick) and 2 km west of
Blue Canyon where the Santa Ynez Fault and the Little
Pine Fault merge (Dibblee, 1986a); however, in these two
areas the Hurricane Deck Formation depositionally over-
lies the Sespe Formation without intervening Vaqueros
Formation and (or) Rincon Formation.

The thinness or absence of the Hurricane Deck For-
mation in the southwestern foothills of the San Rafael
Mountains suggests that this area was uplifted and eroded
to low relief during early Miocene time. Much of the San
Marcos block was evidently uplifted and eroded to expose
Franciscan basement during the time that sand of the Hur-
ricane Deck Formation was being deposited in the Devils
Canyon area. Additionally, the presence of shale of the
Rincon Formation in the Hurricane Deck syncline and at
Hells Half Acre (2 km northeast of the mélange belt, near
Cachuma Peak, fig. 3) suggests regional submergence prior
to the deposition of sand of the Hurricane Deck Forma-
tion. The Rincon Formation directly overlies the Cachuma
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Formation locally at Hells Half Acre (T.W. Dibblee, Jr.,
unpub. map, San Rafael Mountain quadrangle). At the least,
the mélange belt must have been covered by the Vaqueros
Formation during the deposition of fine-grained sediments
of the Rincon Formation because Franciscan-derived de-
tritus reportedly has not been found in the Rincon Forma-
tion. Locally, the Sespe Formation probably covered the
mélange as well. During early Miocene time, much of the
Little Pine Mountain block and the San Marcos block ap-
parently emerged as renewed folding of the Oso syncline
occurred and the Rincon-Vaqueros-Sespe(?) sequence was
eroded to expose uplifted mélange. Subsequently, during
resubmergence, sand of the Hurricane Deck Formation
unconformably covered the mélange belt, the coherent
rocks belt, and the Sespe Formation located in the Oso
syncline and near Blue Canyon; however, sand of the Hur-
ricane Deck Formation conformably covered the Rincon
sediments at Devils Canyon, Tequepis Canyon, and at Hur-
ricane Deck. The absence of the Hurricane Deck Forma-
tion on much of the San Marcos block and, locally, in the
southeastern San Rafael Mountains suggests that these ar-
eas remained elevated until middle Miocene time. The
Devils Canyon area, in this case, was synclinally down-
buckled as the Oso syncline redeformed during Lompocan
contraction.

The regionally extensive middle Miocene Monterey
Formation conformably overlies the Hurricane Deck For-
mation in most of the San Rafael Mountains (Dibblee,
1989, 1991). Locally in the southeastern San Rafael Moun-
tains and on much of the San Marcos block, the Monterey
Formation overlies Mesozoic rocks. The Monterey Forma-
tion conformably overlies the Hurricane Deck Formation
in Devils Canyon and in Tequepis Canyon (Dibblee, 1986b,
1987b). In contrast, the Monterey Formation conformably
overlies the Rincon Formation in the Ventura-Santa Bar-
bara basin (12 km south), except in the lower Piru Creek
drainage, where the upper Monterey Formation abruptly
onlaps deformed Rincon Formation and the plutonic base-
ment complex (Dibblee, 1989).

The Monterey Formation is about 600 m thick in the
study area (pl. 1), but more regionally its thickness sig-
nificantly increases northward from the Santa Maria basin
(630-1,100 m, Hall, 1978) to the San Rafael Mountains
(1,500 m, Dibblee, 1991). In comparison, the Monterey
Formation is about 800 m thick on most of the onshore
Santa Ynez block, except where it thickens eastward near
Lake Piru to 1,700 m (Dibblee, 1982; fig. 2).

The eastward thickening of the Monterey Formation
reflects increasing sand content and proximity to land (L.E.
Tennyson, written commun., 1996); the middle Miocene
sea apparently transgressed rapidly eastward across the
shelf that formed after much of the San Marcos block and
the Little Pine Mountain block were uplifted and eroded
to low relief during early Miocene time. Although the lo-
cal absence of the Hurricane Deck Formation in the south-

eastern San Rafael Mountains suggests that this area per-
sisted as a topographic high after Lompocan tectonism
ended, it may also be possible that this area was rejuve-
nated during deposition of the fine-grained sediments of
the lower part of the Monterey Formation. In either case,
Monterey sedimentation ended when Franciscan basement
that is located specifically in the area of the Little Pine
Fault was uplifted during late Miocene time (Rafaelan orog-
eny, Dibblee, 1991; table 2).

Evidence for Rafaelan tectonism is based on the dis-
tribution of the upper Miocene and lower Pliocene Sisquoc
Formation (Dibblee, 1991). Regionally, shale of the
Sisquoc Formation conformably overlies the Monterey
Formation. Locally, the basal Sisquoc Formation is a shal-
low marine sandstone that unconformably overlies exposed
mélange near Zaca Canyon (Hall, 1981; Dibblee, 1991:
fig. 3). In the subsurface, the Sisquoc Formation
unconformably overlies previously folded(?) rocks of the
Monterey Formation and basement rocks from the upper
part of Foxen Canyon southeastward to Figueroa Creek,
along the trend of the combined Little Pine-Foxen Canyon
Fault Zone, the San Marcos anticline, and the Garey
Fault (Hall, 1981; Dibblee, 1991; figs. 2, 3). The
Sisquoc Formation contains Monterey-derived detritus
(Hall, 1981), but reportedly no Franciscan-derived de-
tritus (Dibblee, 1991). In contrast, the basal section of
the upper Miocene to upper Pliocene Pismo Formation
near San Luis Obispo contains Franciscan-derived de-
tritus, including a significant amount of serpentinite
(Hall and others, 1979).

As a result of Rafaelan(?) tectonism, the Monterey
Formation was gently folded to initially form the San
Marcos anticline and was uplifted on the Garey Fault and
the Little Pine-Foxen Canyon Fault Zone. The deformed
Monterey Formation was then deeply eroded near Zaca
Canyon to expose the mélange locally before sediments of
the Sisquoc Formation were deposited. In contrast, all(?)
of the Monterey Formation is preserved in the lower parts
of Sisquoc and Foxen canyons and near Lake Cachuma.
This difference in upper Miocene to lower Pliocene stratig-
raphy along the combined Little Pine-Foxen Canyon Fault
Zone, the San Marcos anticline, and the Garey Fault sug-
gests that the faults were strike- or oblique-slip faults (Hall,
1981). The Garey Fault and the combined Little Pine-Foxen
Canyon Fault Zone apparently formed as a set of left-step-
ping, oblique-slip faults under the San Marcos anticline,
and other older anticlines that existed along this zone dur-
ing this time. These older anticlines include the Agua Cali-
ente and Diablo Canyon anticlines, and the breached
(Ynezan) anticline that presumably existed between the
Mono and Oso synclines (fig. 3). In this case, these faults
and their associated folds reflect transpression that had a
right-lateral component of displacement (Reading, 1980).
In addition, high-angle faults in the mélange were reacti-
vated at this time.
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The Tequepis Formation is a nearshore, shallow-ma-
rine sandstone that is coeval with the Sisquoc Formation
and lies exposed on the San Marcos block near Lake
Cachuma (Dibblee, 1987a, b, 1995). In Tequepis Canyon,
the Tequepis Formation is intercalated with the Sisquoc
Formation and together they conformably overlie the
Monterey Formation. Near the upper part of Santa Cruz
Creek, the Tequepis Formation conformably overlies the
Monterey Formation (pl. 1). The sandstone of the Tequepis
Formation along with shale of the Sisquoc Formation in-
dicate westward retreat of the sea.

During Pliocene time, sand of the Careaga Sandstone,
which contains Franciscan-derived detritus, was deposited
unconformably on the locally folded Sisquoc and Tequepis
Formations and also on the Monterey Formation, the
Espada Formation, and the mélange in the Little Pine Fault
Zone (Dibblee, 1991, 1993). The primarily Pleistocene al-
luvial sediments of the Paso Robles Formation were then
deposited mostly on Careaga Sandstone. Upsection, the Paso
Robles Formation increasingly consists of Franciscan-derived
detritus (Dibblee, 1991; table 2). Before the deposition of
sand of the Careaga Sandstone and the alluvial sediments
of the Paso Robles Formation, the mélange was uplifted
on the Little Pine and Camuesa Faults simultaneously with
renewed underfolding of the San Marcos block beneath
the Little Pine Mountain block. This contractional tec-
tonism is indicated by the presence of a strongly asym-
metric and overturned, south-verging syncline of the San
Marcos block that lies north of the San Marcos anticline
and structurally beneath the mélange (fig. 3). Southwest-
directed, reverse-oblique displacement of the mélange on
the Little Pine Fault placed the San Marcos block farther
beneath the Little Pine Mountain block (early Coast Range
orogeny of Dibblee, 1991; table 2). The geometry and ki-
nematics of this asymmetric syncline are analogous to those
of the Oso syncline, which initially formed as the coher-
ent rocks belt was folded beneath the Espada Formation
during Ynezan tectonism. During early Coast Range tec-
tonism, if not earlier, blocks composed of the Espada For-
mation lying in the Little Pine Fault Zone were enveloped
significantly by squeezed-up mélange. The mélange, as
well as the Espada, Monterey, Sisquoc, and Tequepis For-
mations, was then eroded. Sand of the Careaga Sandstone
was deposited unconformably on the San Marcos block
and along the southwest margin of the uplifted Little Pine
Mountain block. The mélange continued to be
contractionally deformed, uplifted, and eroded, resulting
in the deposition of Monterey- and Franciscan-derived
detritus along the southwest border of the mélange as the
Paso Robles Formation.

After the deposition of sand of the Careaga Sandstone
and the alluvium of the Paso Robles Formation, the
mélange was again shortened and uplifted. As a result, the
Neogene and Quaternary strata were folded back, strongly
overturned, and locally thrust onto rocks of the San Marcos

block (late Coast Range orogeny of Dibblee, 1991; pl.1;
table 2). In lower Red Rock Canyon, the Tequepis Forma-
tion conformably overlies anticlinally folded Monterey For-
mation and Hurricane Deck Formation that are strongly
overturned to the southwest and locally faulted. The north
limb of this anticline becomes the south limb of the Oso
syncline to the north. This anticline may have been con-
nected to the San Marcos anticline prior to thrusting on
the Loma Alta Fault during Quaternary time (fig. 3). Ex-
tensive bodies of serpentinite were injected into the high-
angle faults and shear fractures in the mélange during this
Quaternary phase, although less significant bodies may
have been uplifted during any of the earlier late Eocene or
early Oligocene to Pliocene deformational episodes.
Serpentinite was also injected along the Little Pine and
Camuesa Faults, which are steep at depth and converge
with increasing depth (pl. 1). The mélange was subse-
quently eroded to form the present drainage system.

SUMMARY AND DISCUSSION

Late Eocene or early Oligocene tectonism formed
major folds that include the Oso syncline and an inferred
syncline in the Devils Canyon area (Ynezan orogeny). The
Hurricane Deck syncline presumably began to form at this
time as well, although all of its pre-late Eocene rocks were
eroded. Major anticlines formed between the synclines at
this time, and at least one is believed to have formed above
the Little Pine Fault where the Cretaceous shear zone of
Franciscan mélange is found. Younger tectonism reacti-
vated all of these structures and tended to form numerous
small folds and faults throughout the region. The continu-
ity of tectonic style from the Ynezan orogeny through the
late Coast Range orogeny suggests that these episodes of
deformation are genetically related.

Ynezan and younger structures evidently resulted, in
part, from low-angle convergence between the San Marcos
block and the Little Pine Mountain block. Major folding
and faulting of the San Marcos block beneath the Little
Pine Mountain block occurred where mélange is exposed
along the Little Pine Fault to form local uplifts and con-
tractional basins. Differences in stratigraphy along the
Little Pine Fault support this interpretation. The asymme-
try of the combined Little Pine-Camuesa Fault Zone, as
depicted in cross section (pl. 1), may also be a result of
sinistral shear (Dibblee, 1982) on the Big Pine and Santa
Ynez Faults. The gently dipping Loma Alta (thrust) Fault,
for example, reflects the southwestward (Quaternary) dis-
placement of the Little Pine Mountain block over the San
Marcos block. The prevalence of serpentinite in the
mélange northwest of Cachuma Canyon possibly reflects
sinistral shear on the Big Pine Fault, as does the Camuesa
Fault being locally overturned. The Ynezan angular
unconformities that developed elsewhere in the region (fig.
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2, loc. A) suggest westward movement of the Salinian ter-
rane combined with northward movement of the Sur-
Obispo terrane during late Eocene or early Oligocene time.
Similarly, the mélange of the San Rafael Mountains was
redeformed and uplifted as a result of the northward con-
vergence of the San Marcos block combined with west-
ward movement of the Little Pine Mountain block.

The Little Pine and Camuesa Faults strike both paral-
lel and at a low angle to Ynezan folds, such as the Oso and
Hurricane Deck synclines, and to other folds, such as the
San Marcos, Agua Caliente, and Buckhorn Creek anticlines
(fig. 3). These two faults evolved below a zone of right-
stepping anticlines that were faulted to form an asymmet-
ric flower structure, or palm tree structure (Sylvester,
1988). The Loma Alta (thrust) Fault, the recumbently
folded Oso syncline, and the large synclinally overturned,
reverse-faulted block composed of the Espada Formation
in Cachuma Canyon (Dibblee, 1993) are all interpreted as
map-scale flower structures that formed within the com-
bined Little Pine-Camuesa Fault System. These flower
structures were produced, in part, by a lateral component
of displacement on the Little Pine Fault. The orientation
of the right-stepping anticlines relative to the Little Pine
Fault Zone suggests dextral transpression.

The Little Pine Fault Zone and its related folds re-
flect the reactivation of the near-vertical, contractional
structures of the mélange, initially during late Eocene or
early Oligocene time. Reactivated, anastomosing, steeply
dipping, reverse or oblique-slip faults in the mélange are
also interpreted to be flower structures (Warner, 1992, pl.
1, Camuesa Fault Zone; pl. 1). The reactivation of these
contractional structures postdates Paleocene thrusting.
Major known late Cenozoic redeformation of the mélange,
as clearly reflected by the structure of serpentinite and the
injection of serpentinite matrix, occurred as a result of
transpression. The most extensive bands of serpentinite in
the mélange are those that locally follow the traces of the
Little Pine and Camuesa Faults. In addition, serpentinite
forms the cores of several right-stepping, faulted anticlines
in this area (for example, Buckhorn Creek and Agua
Caliente anticlines). The Little Pine Fault has breached a
serpentinite-cored anticline as well. The mélange has thus
evolved in response to a transpressionally uplifted
serpentinite basement.

The reverse component of slip on the Little Pine Fault
is about 2.5 km, considering that the fault steepens with
depth, that the faulted thickness of the Eocene to Quater-
nary strata is about 2 km and that the thickness of the co-
herent rocks belt is about 0.5 km. The lateral component
of slip on the Little Pine Fault is uncertain, because reli-
able offsets were not found. The fault is buried to the north-
west by upended strata of the Sisquoc Formation (Hall,
1981; Dibblee, 1991), which indicates that no significant
lateral displacement on this fault has occurred after
Rafaelan tectonism in late Miocene time. The Little Pine

Fault Zone, including the mélange, probably has a maxi-
mum reverse-oblique slip of about 1.5 km during post-
Miocene time (pl. 1).

At the surface, the Little Pine-Camuesa Fault Zone
terminates to the southeast at the Franciscan exposure in
Blue Canyon, where the greatest uplift of the Santa Ynez
block has occurred (Dibblee, 1982; fig. 2). In the Blue
Canyon area, the Santa Ynez Fault, which was a thrust or
reverse fault during Pliocene and Pleistocene time, has been
steepened and deflected southward, resulting in overturned
bedding south of the fault in this area (Dibblee, 1982). East
of Blue Canyon, the fold axes of the Agua Caliente and
Little Pine synclines of the Little Pine Mountain block
plunge beneath the Santa Ynez block, and the Santa Ynez
Fault is overturned (Dibblee, 1982). The Santa Ynez block
has overridden the San Marcos block and the uplifted south-
west margin of the Little Pine Mountain block. Other results
of this overriding may include the formation of a set of faults
west of Santa Barbara (for example, San Jose Fault, Mesa
Fault, Dibblee, 1966; fig. 2), and the Red Mountain Fault near
Ventura (Dibblee, 1982; fig. 2). The trend of the San Jose
Fault leads to a set of faults west of Lake Cachuma and near
ablock composed of the Espada Formation (Dibblee, 1987b;
loc. B in fig. 2, fig. 3); however, no major Tertiary fault
younger than Paleocene(?) presumably extends farther north-
west along this trend (that is, to Point Sal) because a con-
formable, Eocene to Miocene section is present.

The Santa Ynez Fault dies out eastward near Lake Piru
into the 1,700-m-thick folded section of the Monterey For-
mation (Dibblee, 1982; fig. 2). The Santa Ynez block is
connected to the Little Pine Mountain block at this loca-
tion, where a major syncline (right step of the Hurricane
Deck(?) syncline) separates the Santa Ynez Fault from the
Pine Mountain Fault. The folded structure near Lake Piru
may have formed, in part, as a pivot for the clockwise ro-
tation of the Santa Ynez block; however, finding conclu-
sive evidence to specify the faults and the slip involved in
this rotation remains elusive. The Miocene (as well as Pa-
leogene) net slip on the Little Pine Fault is unknown. Fur-
thermore, the Little Pine Mountain block and the Little
Pine Fault may extend for many kilometers southeastward
in the subsurface beneath the Santa Ynez block, and the
history of this region is speculative.

CONCLUSIONS

Clearly not all of the diastrophism that formed the
San Rafael Mountains mélange occurred prior to its being
thrust beneath the Espada Formation during Paleocene tec-
tonism. The regional tectonism that followed is character-
ized by several, genetically related episodes of
contractional folding and faulting that undoubtedly
redeformed the inherited Cretaceous structure of the
mélange. The present structure of the mélange and overly-
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ing rocks reflects the remobilization of the weak serpen-
tinite basement during Cenozoic time.

The degree of Cenozoic dismemberment and mixing
in this mélange is believed to be related to the Little Pine
Mountain block being located at the south edge of the Sur-
Obispo and Salinian blocks, and north of the Santa Ynez
block of the western Transverse Ranges. The timing and
tectonic style of the Ynezan orogeny (late Eocene or early
Oligocene) indicate that the Little Pine Mountain block
formed a buttress against the northward translation of the
San Marcos block by about 35 Ma. Ynezan structures,
which include folds and faults in and adjacent to the
mélange, thus are related to the establishment of the known
Pacific-North American-Plate transform boundary
(Atwater, 1989) that formed later, during Miocene time,
and the subsequent rotation of the western Transverse
Ranges province (Nicholson and others, 1994) around the
Little Pine Mountain block.
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Regional Thermal Maturity of Surface Rocks, Onshore Santa
Maria Basin and Santa Barbara-Ventura Basin Area,

California

By NANCY D. NAESER, CAROLINE M. ISAACS, and MARGARET A. KELLER

Abstract

Thermal maturities of surface rocks in the onshore
Santa Maria and Santa Barbara-Ventura basin region of
coastal California are mapped as “vitrinite reflectance
equivalent” (VRE), a numerical parameter derived from
measurement of vitrinite reflectance, Thermal Alteration
Index, Rock-Eval pyrolysis T and Production Index, and
hydrogen/carbon ratio. Surface-rock maturity was deter-
mined by direct measurements on outcrop samples of Late
Jurassic to Miocene age in the basins and surrounding
areas or, in a limited number of cases, by extrapolating
data from Eocene to Pleistocene age drill-hole samples to
the surface. Maturity data are reported for more than 500
samples and include data determined specifically for this
study and from other published and unpublished sources.

In the onshore Santa Maria basin and southern Coast
Ranges, basement rocks, including the Franciscan Com-
plex, are assumed to be overmature with respect to oil
generation (VRE>1.3 percent), although data are avail-
able from only a very few samples. Upper Jurassic and
Cretaceous sedimentary rocks range between marginally
mature (VRE?0.6 percent) and overmature (VRE>1.3 per-
cent) with respect to oil generation. The exposed Tertiary
section, composed almost entirely of lower Miocene and
younger rocks, yields VRE<0.6 percent except in limited
areas where the rocks are associated with Tertiary intru-
sive rocks. In drill holes in the Santa Maria basin and the
smaller Huasna-Pismo basin to the north, lower Miocene
to lower Pliocene sediments yield VRE<?0.6 percent to
depths at least as great as about 2,620 m (about 8,600 ft)
below surface. The data thus indicate that the Neogene
section is immature at the surface and to significant depths
in the subsurface, but VRE values may underestimate the
actual maturity of these rocks, particularly the Miocene
Monterey Formation.

In the onshore Santa Barbara-Ventura basin and sur-
rounding areas, basement and Cretaceous sedimentary
rocks are generally deeply buried and therefore largely
missing at the surface except for limited areas south of
the Santa Ynez fault and in the Simi Hills and Santa Monica

Manuscript approved for publication January 13, 1998

Mountains. The main source of maturity information is
the Tertiary section, which, in contrast to the Santa Maria
basin, includes an extensive, thick Paleogene section.
South of the Santa Ynez fault, maturity decreases from
VRE>1.3 percent in Cretaceous and Eocene rocks near
the fault to VRE<0.6 percent in younger strata to the south.
Within the Eocene section maturity also decreases from
east to west, from the California State Highway 33
(Wheeler Gorge) area north of Ventura toward Point Con-
ception, probably reflecting at least in part a westward
decrease in the estimated maximum burial depth of
Eocene rocks. The Neogene section along the Santa Bar-
bara coast and in the Ventura area generally yields
VRE<0.6 percent at the surface and to depths of greater
than 5,700 m (18,700 ft) in the subsurface. The only Neo-
gene surface rocks known to have VRE>0.6 percent are
in the Santa Monica Mountains.

INTRODUCTION

The study area encompasses the onshore California
coastal area west and south of the Nacimiento and Big Pine
faults and north of the Santa Monica fault, extending from
about 36° N. to 34° N. and covering parts of the Monterey,
San Luis Obispo, Santa Maria, and Los Angeles 1:250,000
quadrangles. It lies in the Santa Maria basin and Ventura
basin assessment provinces of Gautier and others (1995)
and includes as the main areas of interest the onshore Santa
Maria and Santa Barbara-Ventura basins and surrounding
southern Coast Ranges and western Transverse Ranges
(figs. 1, 2). The Coast Ranges-western Transverse Ranges
junction and surrounding region are geologically, struc-
turally, and tectonically complex, as exemplified by the
contrasting structural grain of the west-trending Transverse
Ranges and the northwest-trending Coast Ranges (Bailey
and Jahns, 1954; Vedder and others, 1969). The Santa
Maria and Santa Barbara-Ventura basins are rich in oil and
gas resources, particularly in the Neogene section, stimu-
lating much interest and research since the first oil field
was discovered almost 130 years ago (Crawford, 1971;
Curran and others, 1971; Nagle and Parker, 1971; Curran,
1982; references in Tomson, 1988). Many recently dis-
covered aspects of the regional geologic evolution are elu-
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cidated in other chapters of U.S. Geological Survey Bul-
letin 1995.

The Santa Barbara-Ventura basin sedimentary se-
quence is dominated by marine beds of Cretaceous to Pleis-
tocene age, with two intercalated nonmarine sequences of
Eocene to Oligocene and Pleistocene age (fig. 3); the com-
piled sedimentary section has an estimated maximum thick-
ness of approximately 15,240 m (50,000 ft), including at
least 6 km (about 19,500 ft) of Pliocene and Pleistocene
marine clastic strata (Bailey and Jahns, 1954; Vedder and
others, 1969; Bostick and others, 1978; Ingle, 1981;
Howard, 1995). No one stratigraphic column is represen-
tative of the entire basin because strata vary laterally in
thickness and lithology and many of the formation bound-
aries are time transgressive (for example, Howard, 1995,
fig. 11).

Stratigraphy of the adjacent onshore Santa Maria ba-
sin (fig. 4) is similar except that most of the pre-Miocene
part of the sedimentary section is not present or, where

present along the basin margins, is much thinner than in
the Santa Barbara-Ventura area (Dibblee, 1950; Woodring
and Bramlette, 1950; Stanley and others, 1991). A tec-
tonically emplaced assemblage of Mesozoic rocks, includ-
ing the Upper Jurassic and Cretaceous Franciscan Complex,
forms the basement in the region (Vedder and others, 1983;
Howell and others, 1987; McLean, 1991).

Several important periods of tectonism initiated or
punctuated basin formation and deformed the sedimentary
section (Nagle and Parker, 1971; Crowell, 1976; Yeats,
1983; Hornafius and others, 1986; Luyendyk and
Hornafius, 1987; Namson, 1987). Formation of both the
Santa Maria and the Neogene Santa Barbara-Ventura ba-
sins began with Miocene subsidence (Vedder and others,
1969; Crowell, 1987; Johnson and Stanley, 1994). Mi-
ocene and older tectonic episodes are not as well under-
stood as the younger period of compression that has
overprinted most earlier deformation, forming a major fold
and thrust belt in the Santa Barbara-Ventura basin during
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Figure 3. Representative stratigraphic
columns from the onshore Santa Barbara-
Ventura basin. A, western Santa Ynez
Mountains. B, central Santa Ynez
Mountains. (N), nonmarine unit. Note
that because of the variable stratigraphy
in different parts of the basin, some of the
sampled formations (table 4) do not appear
in these stratigraphic columns, and the age
range of some formations is greater than
shown (for example, Howard, 1995, fig.
11). The depth of burial of rocks suggested
by thicknesses shown here is influenced
by the extreme rates of deposition since
about 3.5 Ma and so is somewhat
misleading in terms of the thermal
exposure and potential maturity of the
rocks. From Vedder and others (1969), as
modified from Dibblee (1950, 1966).
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the Pliocene and Pleistocene (Yeats, 1983; Crowell, 1987;
Namson, 1987). The main structural downwarp that is a
conspicuous product of this deformation is the onshore
Ventura basin and its foundered offshore extension, the
modern Santa Barbara basin.

Nearly all of the sedimentary units in these basins have
produced oil and gas somewhere in the region; however,
the most important production is from rocks in the Mi-
ocene to Pleistocene section in the Santa Barbara-Ventura
basin and the Miocene section in the Santa Maria basin.
The deep-marine Miocene deposits of these basins are the
source of an important volume of oil as well as the host of
important oil reservoirs. The pre-Miocene section is largely
missing in the Santa Maria basin, and in the onshore Santa
Barbara-Ventura basin it accounts for only about 15 per-
cent of total basin production (Nagle and Parker, 1971).
The oil-rich Santa Barbara-Ventura and Santa Maria ba-
sins are among the largest hydrocarbon-producing areas
in California, with eight giant oil fields (>100 million bar-
rels) in the onshore and at least five in the offshore, and
they contain some of the oldest and youngest areas with
respect to exploration and development (California Divi-
sion of Oil and Gas, 1991). These basins also include im-
portant areas on land and in the adjacent offshore that have
been explored only minimally (Crawford, 1971; Nagle and
Parker, 1971; Curran, 1982; Keller, 1993, 1995; Tennyson,
1995). Therefore, significant undiscovered oil and gas re-
sources undoubtedly remain. One key to finding undis-
covered resources, in unexplored areas as well as in existing
fields, might be a better understanding of the thermal his-
tory of this complex region (for example, Williams and
others, 1994). Determining thermal maturity of organic
matter in rocks provides a basis for assessing maximum
temperatures to which rocks were exposed, one compo-
nent in reconstructing regional thermal history and assess-
ing petroleum resources. In the present paper, regional
thermal maturity of surface rocks in the onshore Santa
Maria and Santa Barbara-Ventura basin area is mapped on
the basis of maturity data compiled from samples analyzed
specifically for this study and from other published and
unpublished sources.

ACKNOWLEDGMENTS

This paper includes one of several regional maps de-
veloped as an outgrowth of a project begun by USGS in
the 1980°s to produce 1:2,500,000 maps of the thermal
maturity of surface and subsurface rocks of the United
States. We would like to thank Norman Frederiksen, Pe-
ter van de Kamp, Leslie Magoon, Thane McCulloh, and
Michael Underwood for supplying unpublished data that
have been incorporated into the map and text. Mark
Pawlewicz (U.S. Geological Survey, Denver) determined
vitrinite reflectance of samples analyzed for the present

study, and Ted Daws (U.S. Geological Survey, Denver)
performed the Rock-Eval analyses. We would like to thank
Neely Bostick, Ted Daws, Thane McCulloh, and Vito
Nuccio for discussion and comments that greatly improved
the paper. Work was funded by USGS National Coopera-
tive Geologic Mapping, Evolution of Sedimentary Basins,
and Onshore Oil and Gas Investigations Programs.

THERMAL MATURITY INDICATORS

Many techniques have been proposed for assessing
thermal maturity of organic matter, based on various mod-
elling procedures and on direct measurements on organic
and inorganic components in the rocks (for example, Tissot
and Welte, 1978; Poole and Claypool, 1984; Bustin and
others, 1985; Waples, 1985; Claypool and Magoon, 1988;
Naeser and McCulloh, 1989). Vitrinite reflectance of dis-
persed kerogen in sedimentary rocks is currently one of
the most widely used and widely accepted indicators of
thermal maturity (for example, Bustin and others, 1985;
Waples, 1985), and accordingly it is the parameter that we
have chosen to express the thermal maturity of surface
rocks in the Santa Maria basin—Santa Barbara- Ventura ba-
sin region.

Although relatively few actual vitrinite reflectance
measurements have been reported for the Santa Maria and
Santa Barbara-Ventura basins, maturity data are available
in the form of Thermal Alteration Index (TAI), Rock-Eval
pyrolysis temperature of maximum rate of pyrolytic yield
(T, and Production Index (PI), and hydrogen/carbon ra-
tio (H/C) data. Consequently, we have expressed surface-
rock thermal maturity in terms of “vitrinite reflectance
equivalent” (VRE), a value derived from correlating the
available maturity data to vitrinite reflectance (tables 1, 2).

Correlating various indicators of thermal maturity is
a complex problem, complicated by the inherent impreci-
sion of each of the methods and, more importantly, by the
wide range of factors that can influence results in the vari-
ous techniques. The correlation of vitrinite reflectance,
T .. Pl and H/C adopted herein (table 1) is derived from
correlation schemes proposed by Poole and Claypool
(1984), Waples (1985), Peters (1986), and Claypool and
Magoon (1988). Correlation of TAI and vitrinite reflec-
tance presents special problems because numerical values
of colors on the TAI scale (see below) have not been stan-
dardized among laboratories; to interpret TAI in terms of
vitrinite reflectance it is necessary to know the TAI-vitrinite
reflectance correlation used in the particular laboratory that
determined a specific TAI value (Waples, 1985). The
equivalency charts reported by the laboratories that mea-
sured the TAI data listed in table 5 are given in table 2.
The uses, advantages, and disadvantages of the various
indicators of thermal maturity are discussed more fully
below.
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Vitrinite Reflectance

Vitrinite reflectance is the measure of reflectance of in-
cident light by polished vitrinite particles in coal or in kero-
gen in sedimentary rocks, measured using a specialized
microscope. The use of vitrinite reflectance to determine ma-
turity is based on the observation that reflectance increases
with increasing thermal exposure (table 1). Ideally 50 to 100
vitrinite particles are measured per sample, although in many
samples fewer particles are measured because of the scarcity
of suitable material. The individual measurements are plot-
ted as a histogram and usually reported as either mean or
median R (vitrinite reflectance measured in immersion oil).
Success in measuring and interpreting results depends on the
ability of the analyst to distinguish primary from reworked

vitrinite particles and vitrinite from other kerogen macerals
and solidified bitumen in the sample. Other problems in
vitrinite reflectance analysis may include the following: lack
of sufficient material in some samples; presence of different
types of vitrinite that mature at different rates; contamination
of drill-hole samples by organic matter from cavings or from
drilling mud; uncertainty in the time-temperature (kinetics)
of vitrinite maturation; the question of how closely the change
in reflectance of vitrinite parallels kerogen maturation in gen-
eral and specifically oil generation from kerogen; and, finally,
possible suppression of R , probably related to the presence
of significant Type I or Type 1I kerogen macerals in intimate
and abundant association with the vitrinite, high concentra-
tions of hydrogen in the vitrinite macerals, and (or) oil stain-
ing (Walker and others, 1983; Price, 1984; Price and Barker,

Table 1. Correlation among indicators of thermal maturity of organic matter and stages of hydrocarbon generation and preservation
adopted herein, modified from Poole and Claypool (1984), Waples (1985), Peters (1986), Claypool and Magoon (1988), and Johnsson

and others (1993)

[The zone between 0.6 and 1.3 percent R, corresponds to the conventional oil window (see text discussion); rocks with R, greater than 1.3 percent

are considered overmature with respect to oil generation. R, mean random vitrinite reflectance, measured in oil; TAl, Thermal Alteration Index; T

max/

temperature of maximum rate of pyrolytic yield of S2, determined by Rock-Eval pyrolysis; Pl, Production Index, S1/(S1 + S2), derived from Rock-Eval
pyrolysis; H/C, atomic ratio of hydrogen to carbon in sapropelic (S) and humic (H) kerogen]

Qualitative
interpretation
of organic matter o Rock-Eval pyrolysis H/C
thermal history Stages of Vitrinite
Stages of organic  |with respect to oil | oil generation reflectance Tmax
matter transformation|  generation | and preservation |(percent R)[  TAI C) PI S H
DIAGENESIS IMMATURE
ONSETOFOLL [ 6 — — =435 ~0.1 11— 0.8
GENERATION 445
P
E
MATURE 3
LIMIT OF OIL
CATAGENESIS — - ~0. 8—0.6
GENERATION 1.3 470 0.4 0.8 0.6
LIMIT OF OIL
PRESERVATION 1.75 = — =~490 =0.5 0.65—0.55
OVERMATURE LIMIT OF
CONDENSATE/ | ]
WET GAS 2.0 0.6 0.5
PRESERVATION
METAGENESIS

Regional Thermal Maturity of Surface Rocks, Santa Maria and Santa Barbara—Ventura basin area, California

X7



1985; Waples, 1985; Dickinson, 1989; V.F. Nuccio, written
commun., 1995). The type of organic matter in samples listed
in table 5 was determined by visual assessment (Surdam and
Stanley, 1984; Isaacs and Tomson, 1990; the present study),
by elemental analysis plotted on a Van Krevelen diagram
(Kablanow and Surdam, 1984; Surdam and Stanley, 1984,
Isaacs and Tomson, 1990), or by Rock-Eval pyrolysis data
plotted as a modified Van Krevelen diagram (Frizzell and
Claypool, 1983; Stanley and others, 1995). The data support
the observation of Frizzell and Claypool (1983) that Paleo-
gene and older rocks in the study area are dominated by Type
IIT kerogen, whereas Neogene rocks are dominated by Type 1
and Type Il kerogen. The possible suppression of R in Neo-
gene rocks in the study area, particularly in the Miocene
Monterey Formation, is discussed below (under “Region 77).

In spite of the numerous complications and limitations
of vitrinite reflectance, it remains one of the most widely used
and most popular methods of determining kerogen thermal

maturation, and it is the scale to which most other maturation
indicators tend to be related.

Thermal Alteration Index (TAl)

TAI is a measure of kerogen maturity obtained from vi-
sual assessment of kerogen color under a microscope, related
to a scale of color versus maturity (usually expressed in terms
of vitrinite reflectance). The use of TAI as a maturity indica-
tor is based on the observed darkening of kerogen particles
with increasing maturity. The usefulness of the results de-
pends on (1) the consistency of the operator in recognizing
primary (not reworked) organic matter in the rock and in as-
sessing its color, and (2) the accuracy of the TAI-vitrinite re-
flectance correlation. As noted above, numerical values of
TAI scales have not been standardized among all laborato-
ries, and therefore assigning an R_ value on the basis of a TAI

Table 2. Comparison of vitrinite reflectance and TAI correlations used for samples analyzed for this
study and adopted by Frederiksen (1985), Surdam and Stanley (1984), and Isaacs and Tomson (1990)

(references A, D, F, and H in table 5)

[=, approximate value, interpolated from the published scale]

Vitrinite
reflectance Frederiksen Surdam and Stanley Isaacs and Tomson
(percent R) This study | (1985) (1984) (19903
— 0.2 2 | mmmeee-
— el
— 0.4 2/2+ ____1_.*;_
25 2+ X

0.6 =2.6 2+/3- 2 22
— K R
— 0.8 .

3-/3 24

L S
—1.0 3.0
—12 3

1.3 =33 2.9
’—1.4 .......
— 35
—1.6 3
1 | 2
—1.8 3
— 2.0 37 3+ 33
— 2.2

'Correlation between TAl and vitrinite reflectance based on Bustin and others (1985) (M.). Pawlewicz,

written commun., 1986).

*Dashed lines approximate the location of boundaries between TAl values in Surdam and Stanley

(1984).

3Correlation between TAl and vitrinite reflectance based on Claypool and Magoon (1988).
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measurement requires knowing the TAl-vitrinite reflec-
tance correlation that characterizes data from the measur-
ing laboratory (Bustin and others, 1985; Waples, 1985).
The relatively large range of R values covered by some
TAI numbers (table 2) also affects the accuracy of the TAI-
R correlation.

More than half of the available TAI data in the study
area (see table 5) are from Frederiksen (1985; written
commun., 1986). When Frederiksen’s TAI values are inter-
preted using his TAI-R_ correlation (table 2), they yield anoma-
lously low maturities compared with most other maturity data
available for these rocks (for example, table 3). The reason
for this discrepancy is not established, but part of the expla-
nation may be that Frederiksen calibrated his TAI data against
vitrinite reflectance values (from Helmold, 1980) that appear
to be anomalously low, particularly in the range from about
0.6 to 1.3 percent R . Frederiksen’s TAI calibration in this
range (table 2) is based on vitrinite reflectance data from
Eocene rocks in the California State Highway 33 (Wheeler
Gorge) [map numbers (map no.) 61-63 on map A, pl. 1] and
Gibraltar Road (map no. 66-68) sections. Several other labo-
ratories have reported maturity data for the State Highway
33 section (see table 5). Direct comparison of Helmold’s
(1980) vitrinite reflectance data to other maturity data is com-
plicated by uncertainty about the stratigraphic relationship of
samples analyzed by the various laboratories, but in general
Helmold’s (1980) R values appear to be low in comparison
both to R_ values determined by P.C. van de Kamp (written

commun., 1987) and to VRE interpreted from Rock-Eval
pyrolysis data (Frizzell and Claypool, 1983), particularly in
the range from about 0.6 to 1.3 percent R . If Helmold’s (1980)
measurements are anomalously low, it would explain in part
why Frederiksen’s (1985) TAI values appear to predict anoma-
lously low maturity in some samples. Further work would be
required to thoroughly clarify both the suggested interdepen-
dency and the resulting effect on the values reported by
Frederiksen (1985).

Rock-Eval Pyrolysis Temperature of Maximum Rate
of Pyrolytic Yield (T__) and Production Index (PI)

Pyrolysis is in effect a laboratory attempt to simulate
the effects of slow natural thermal maturation of organic mat-
ter by briefly heating a sample in the absence of oxygen to
bring about thermal decomposition reactions. Several py-
rolysis instruments are available; Rock-Eval is one of the most
widely used. Rock-Eval pyrolysis data are used for assess-
ing both the type and the thermal maturity of organic matter
in a rock. The analysis yields two values used to assess ma-
turity: (1) maximum temperature of pyrolytic yield (7 _), that
is, the temperature (in degrees Celsius) at which the maxi-
mum rate of pyrolysis occurs (the temperature at the top of
the S2 peak); and (2) the Production Index (PI) (or Transfor-
mation Ratio), S1/S1+S2, where S1 is a measure of hydro-
carbons present in the rock since deposition plus those already

Table 3. Comparison of TAl and other thermal maturity indicators for selected samples, onshore Santa Maria and Santa Barbara-

Ventura basin area, California

[Locality data and lithology are given in table 5. Sample locations are plotted (by map numbers) in map A (pl. 1). R, mean random vitrinite reflectance,
measured in oil; TAL Thermal Alteration Index: T, temperature of maximum rate of pyrolytic yield of S2, determined by Rock-Eval pyrolysis; PI,
Production Index (Transformation Ratio) S1/(S1 + S2), derived from Rock-Eval pyrolysis; H/C, atomic ratio of hydrogen to carbon; VRE, vitrinite reflectance
equivalent, interpreted from listed R , TAI T, .. and (or) PI values, based on correlation given in tables 1 and 2 (see text)}

Approximate
Map  Sample Stratigraphic age! Ry? Tmax VRE
No No. (Formation) (percent) TAI °C) PI (percent) Reference?
52 BUC-2 Late Jurassic-Early Cretaceous (KJe) 0.9510.11 3.0 - - 1.0 1
- 1+/2- - - <0.2 2
BUC-3-2 do 0.7540.08 2.5-2.7 447 0.0 0.7 1
- 1+ - - <0.2 2
89 SIM-3 Late Cretaceous (Kc) 0.53+0.03 2.5 426 0.0 0.5 1
- 1+ - - <0.2 2
SIM4 e K P 0.55£0.03 - - - 0.6 1
- 1+/2- - - <0.2 2
SUS-IB e L — 0.50+0.03 - - - 0.5 1
- 1+/2- - - <0.2 2

IKc, Chatsworth Formation (Colburn and others, 1981); KJe, Espada Formation (Dibblee, 1950).

2Uncentainty calculated as 95 percent confidence limits.
3References:

1 = present study
2 = N.O. Frederiksen (written commun., 1986)
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naturally generated in subsurface, and S2 represents the re-
maining hydrocarbon generative capacity.

In theory, both 7 _and PI should increase with increas-
ing thermal maturity (table 1). However, considerable care
must be used in interpreting maturity from pyrolysis data be-
cause of the number of factors that can influence 7 _and PL
The basic assumption in pyrolysis analysis is that the ana-
lyzed rock behaved as a closed system in which (1) the only
petroleum products in the sample are indigenous, that is, those
that were originally deposited in the sediment or were gener-
ated after deposition from organic matter present only in that
rock; and (2) any petroleum generated in the rock has not
migrated away but is still present in the sample. Migration of
hydrocarbons into or out of the rock, combined with a num-
ber of other complicating factors, including effects of weath-
ering, kerogen type, and low total organic carbon (TOC), can
affect 7__and PI values to the extent that Waples (1985) sug-
gests that isolated T values are not trustworthy indicators
of thermal maturity and PI values in general are not a reliable
maturity indicator. Ideally, interpretations should always be
supported by other maturity data (Peters, 1986).

Because of the potential problems associated with py-
rolysis data, more weight has been given to direct vitrinite
reflectance measurements for interpreting thermal maturity
than to pyrolysis data, and in turn more weight has been placed
on7 . thanon PI values.

Hydrogen/Carbon Ratio (H/C)

The hydrogen/carbon atomic ratio of kerogen varies with
organic type and maturity, in general decreasing with increas-
ing maturity. Maturity-related H/C values for sapropelic (Type
II) and humic (Type II1) kerogen (Poole and Claypool, 1984;
Claypool and Magoon, 1988) are listed in table 1. Some prob-
lems associated with such measurements devolve from ad-
verse influences of weathering, even in fresh-appearing rocks,
and from the decreased precision of measurements in low-
TOC rocks (T.H. McCulloh, written commun., 1995).

THERMAL MATURITY—ONSHORE SANTA MARIA
AND SANTA BARBARA-VENTURA BASIN AREA

The stratigraphic column in the Santa Maria and Santa
Barbara- Ventura basins and surrounding areas can be divided
into three packages—basement rocks, including the
Franciscan Complex (lower package); Upper Jurassic and
Cretaceous sedimentary rocks (middle package); and Tertiary
and Quaternary sedimentary rocks (upper package). Tectoni-
cally emplaced basement and structurally overlying Upper
Jurassic and Cretaceous rocks, along with Tertiary and Qua-
ternary rocks, were deformed, displaced, and overprinted
during complex Paleogene and Neogene tectonic episodes and
basin-forming events, This complex history has brought rocks

with different thermal histories, and hence different thermal
maturity, into contact along fault, erosional, or major tectonic
discontinuities (for example, Vedder and others, 1983;
Crowell, 1987; Howell and others, 1987; Luyendyk and
Hornafius, 1987; De Rito and others, 1989; Tennyson, 1989;
McLean, 1991; Crouch and Suppe, 1993; Williams and oth-
ers, 1994). Hence, in many areas the fotal thermal exposure
of rocks in different blocks must be viewed more or less in-
dependently. The thermal exposure of older rocks is prob-
ably in general as great as or greater than that of younger
rocks, but immature and overmature rocks can be in contact
with no intervening mature rock.

In the onshore Santa Maria basin and smaller Huasna-
Pismo basins to the north, the oldest widespread strata in the
Tertiary section are middle Miocene in age, and these strata
everywhere yield vitrinite reflectance equivalent less than 0.6
percent at the surface. Basement rocks are everywhere as-
sumed to be overmature with respect to oil generation (VRE
greater than 1.3 percent); this assumption may not be strictly
true, but, because this package largely consists of Franciscan
Complex mélange, the effort to determine details of the ther-
mal maturity would be excessive and probably of little value.
This essentially leaves the Upper Jurassic and Cretaceous
package, which crops out mainly in the southern Coast Ranges
to the north and east of the basins, as the main source of com-
plexity in mapping VRE of surface rocks in the Santa Maria
area.

In the onshore Santa Barbara- Ventura basin, on the other
hand, the major source of complexity in mapping surface-
rock thermal maturity is the Tertiary and Quaternary section,
which, in contrast to the Santa Maria basin, includes exten-
sive outcrops of Paleogene strata. Pre-Tertiary rocks are only
locally exposed, and their extent is generally too small to show
on maps A and B (pl. 1).

In the present study, thermal maturity of surface rocks
in the onshore Santa Maria and Santa Barbara-Ventura ba-
sins and surrounding area was determined by direct mea-
surements on outcrop samples or, in a limited number of
cases, by extrapolation of drill-hole data to the surface.
Maturity data are reported from more than 500 samples
collected from Upper Jurassic to Miocene surface rocks
and Eocene to Pleistocene drill-hole samples (map A, pl.
1; tables 4-5).

For purpose of discussion, the study area has been di-
vided into 16 regions (map B, pl. 1), each dominated by one
of three packages of rock—basement (predominantly
Franciscan Complex), Jurassic and Cretaceous sedimentary
rocks, or Tertiary and Quaternary upper sedimentary rocks.
Surface-rock thermal maturity of each region is discussed be-
low. Thermal maturity is classified (table 5; map A, pl. 1) as
VRE<0.6 percent, 0.6-1.3 percent, or >1.3 percent, based on
the maturity data in table 5 and correlations given in tables 1
and 2. R_ values of 0.6 and 1.3 percent are typically related
to the lower and upper limits of the main oil-generation win-
dow (for example, Claypool and Magoon, 1988; Johnsson

X10 Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



and others, 1993) (table 1). In any given area, however, the quantity of organic matter present in the rock (for example,
actual R values at the boundaries of the oil window and the Waples (1985) and discussion under “Region 7).

ability of rocks within this zone to generate petroleum will Data listed in table 5 include R , TAL T , and PI mea-
depend not only on thermal maturity, but also on the typeand ~ surements from samples analyzed specifically for this study

Table 4. Sampled formations, onshore Santa Maria and Santa Barbara-Ventura basin region, California

Sample location
Santa Maria Santa Barbara-Ventura

Stratigraphic age Formation basin area basin area Symbol
Pliocene and Pleistocene Santa Barbara Formation - X QTsb
Pico Formation - X QTp
Late Miocene and early Pliocene Sisquoc Formation X - Ts
Miocene Monterey Formation X X Tm
Rincon Shale - X Tr
Topanga Formation - X Tt
Point Sal Formation X - Tps
Lospe Formation X - Tl
Oligocene and early Miocene Simmler Formation X - Tsi
Eocene and Oligocene Gaviota Formation - X Tg
Eocene Sacate Formation! - X Tsa
Coldwater Sandstone - X Tew
Cozy Dell Shale X X Ted
Matilija Sandstone - X Tma
Juncal Formation b3 X Tj
Paleocene and Eocene Anita Formation - X Ta
Cretaceous
Late Cretaceous Jalama Formation - X Kj
Chatsworth Formation? - X Kce
Early Cretaceous Jollo Formation X - Kjo
Late Jurassic and Early Cretaceous Toro Formation X - KJt
Espada Formation3 X - KJe
Late Jurassic and Cretaceous Franciscan Complex X - KIJf
Late Jurassic Santa Monica Slate - X Jsm

1Of Kelley (1943)
20f Colburn and others (1981)
30f Dibblee (1950)
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Table 5. Locality, stratigraphic age, lithology, and thermal maturity data for surface and drill-hole samples, onshore Santa Maria and
Santa Barbara-Ventura basin area, California

[Sample locations are plotted (by map numbers) in map A (pl. 1). R, mean random vitrinite reflectance measured in oil; TAl, Thermal Alteration
Index; T__, temperature of maximum rate of pyrolytic yield of $2, determined by Rock-Eval pyrolysis; Pl, Production Index (Transformation Ratio) S1/

(51 + 5231,azierived from Rock-Eval pyrolysis; H/C, atomic ratio of hydrogen to carbon; VRE, vitrinite reflectance equivalent, interpreted from listed R ,
TAL T_ , Pl and (or) H/C values, based on correlations given in tables T and 2 (see text). VRE is queried where maturity parameters for a given sample

max/

give conflicting results; the listed VRE is based on the maturity parameter judged most reliable (see text)]

Depth Stratigraphic
Map Sample below surface age? Ryt Tiax VRE
No. No.! Location (fo) (Formation) Lithology3 (%) TAL °Cy PI H/C (%) Reference’
1 BM840A sec. 25, T.24S.,R. 6 E. - Late Jr-Early K slts.-sh.  3.07+0.14 4.0 -- - - >1.3 A
35°49712" N, 121°16°26™ W. (KIt)
BMS845A sec. 25, T. 24 S, R. 6 E. . T S— —-do---  3.22%0.10 - - - - >1.3 A
35°49°05” N., 121°16°26™ W.
2 -6 T.27S.R.8E;T.28S.,R.8E; - K ? -6 - - - - 0.6-1.3 B
and T.28 S, R.9E.
3 Toro-1 T.29S.R. 11 E. - ? slts.-sh.  1.73%0.10 4.0 - - - >1.3 A
35°25'40” N., 120°44°55™ W.
Toro-2 do - ? —-do--- 1.994£0.07 3.5-3.7 - — - >1.3 A
Toro-3 d - ? ---do---  1.81+0.09 3.5 - - - >1.3 A
4 VF-81C-1048 (152) T.30S,R. 14 E. - Miocene (Tm) -—-do--- - - 429 0.05 - <0.6 C
VF-81C-1043 (151)  T.31S,R. 14E. B — e — -do--- - - 411 0.02 - <0.6 c
5  VF-81C-1052 (160) T.30S,R. 14 E. - K ---do--- - - 442 0.11 - 06-1.3 (=0.6) C
6  VF-81C-1060 (153) T.30S.,R. 14 E. - Miocene (Tm) -—do--- - - 421 0.05 - <0.6 C
FM-81C-237 (159) —--mmni do--mmmmenn - e do----m-- -—do--- - - 413 0.06 - <0.6 C
FM-81C-235 (158) T.30S. R. I3E. - SR; 1 — —do— - - 415 0.04 - <0.6 c
7  FM-81C-260 (161) T.30S.,R.13E. - K ---do--- - - 505 0.50 - >1.3 C
8 VF-81C-1021 (150) - Miocene (Tm) ---do-—- - - 420 0.04 - <0.6 C
FM-81C-221 (154) - e do------- ---do--- - - 414 0.04 - <0.6 C
FM-81C-222 (155) - e do-----—- -—-do--- - - 417 0.05 - <0.6 C
FM-81C-224 (156) - [N, [ — —-do-— - . 410 0.04 - <0.6 C
FM-81C-225 (157) - e do-----=- ---do-—- - - 414 0.07 - <0.6 C
9 R2770 sec. 6, T. 31 S, R. IS E. - ?0ligocene-early Miocene ? - 2 - - - <0.6 D
(7Tsi)
10 Well a: sec. 35, T. 31 S, R. 14 E.
- - surface - - - - - - - 2<0.67 -
- - 200 Miocene (Tm) ? - - - 0.15 - E
11 VF-81C-353 (140) T.32S,R.17E. - K sist.-sh. - - 450 0.06 - 20.6-1.3 C
12 VF-81C-378 (147) T.32S,R. 16 E. - K ---do--- - - 447 0.85 - 70.6-1.3 C
13 VE81C-372 (146) =-emeee- T — - K —-do--- - - 455 0.15 - 0.6-1.3 C

X12

Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



Table 5. Locality, stratigraphic age, lithology, and thermal maturity data for surface and drill-hole samples, onshore Santa Maria and
Santa Barbara-Ventura basin area, California—Continued

Depth Stratigraphic
Map Sample below surface age? Ryt Thhax VRE
No. No.! Location v (Formation) Lithology? (%) TAL (°C) PI H/C (%) Reference’
14 Well b: sec. 24, T.32 S, R. 14 E.
- - surface - - - - - - - <0.67 -
- - 1,600 to 2,500  Miocene (Tm) ? - - - 0.06 - E
Well ¢: 7sec. 25, T. 32 S, R. 14 E.
- - surface - - - - - - - <0.67 -
- - 1,200 to 4,000 Miocene (Tm) ? - - - <0.06 - E
15 Well d: sec. 5, T.32S.,R. 13 E.
- - sutface - - - - - - - <0.67 -
E-4510 - 4,510 Miocene (Tm) ? - 2- - - 1.20 F
E-4754 - 4,754 ? - 2- - - 0.83 F
E-4985 - 4,985 ? - 2- - - 1.11 F
E-5172 - 5.172 ? - 2- - - 0.94 F
E-5572 - 5,572 ? - 2-to - - - F
E-5807 - 5.807 ? - 2- to - - - F
E-5809 - 5.809 ? - - - - 1.17 F
E-6137 - 6,137 ? - 2 - - 0.95 F
E-6398 - 6,398 ? - 2 - - 1.12 F
E-6926 - 6,926 ? - 2 - - 1.13 F
E-6934 - 6,934 ? - 2 - - - F
Well e: sec. 6. T.32S.,R. 13E.
- - surface - - - - - - - <0.67 -~
N-2013 - 2,013 ? - 1+ - - 1.19 F
N-2530 - 2,530 ? -~ 2- - - 1.22 F
N-2620 - 2,620 ? . 2- - - 1.18 F
N-2841 - 2,841 ? - 2- - - 1.22 F
N-3062 - 3,062 ? - 2- - - 1.29 F
N-3762 - 3,762 ? - 2- - - 1.26 F
N-3935 - 3,935 ? - 2- - - 0.95 F
16 NSB-5 sec. 10, T. 32 S, R. 12 E. R do----—- ? - 2- - - 1.31 <0.6 F
NSB-7 e dO-~mmmme - - dQmmeeee ? - 2- - - 1.29 <0.6 F
PO-24 FEY: *N - S, P 9 - 2 - . 1.29 <0.6 F
17  ALC-1 T.12N.,R.32W. - Early K (Kjo)  concretion 1.138 - 465 0.29 - 0.6-1.3 A
35°05'16" N., 120°15°07" W.
ALC-2 do - . —edo—-—  1.26£0.37 - 467 0.21 - 0.6-1.3 A
ALC4 do- | do----- - - 471 0.30 - 0.6-1.3 A
ALC-5 do - mdst. 1.27+0.02 3.2 471 0.19 - 0.6-1.3 A
18 ALC-3 do- e do------ concretion - - 477 0.50 - >1.3 A
19 VF-81C-359 (141) T.11N,R. 30 W. - K slst.-sh. - - 519 0.45 - >1.3 C
20 VF-81C-361 (142) T.1LN,R.31 W. - K ---do--- - - 499 0.12 - 7>1.3 C
21  VF-81C-351 (148) --meeoeme dO--meenemm - KIf ---do--- - - 490 0.08 - 7>1.3 C
22 NF-81C-57 (149) T.1IN,R. 32 W - KIf ---do--- - - 482 0.05 - 7>1.3 C
23 VE-BIC-349 (139) e S S— - K we-do— - - 468 009 - 20613 c
24 Well f: sec. 11, T. 11 N, R. 33 W.
- - surface - . - - - - . <0.67 -
- - 750 Miocene (Tm) ? - - - <0.05 - E
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Table 5. Locality, stratigraphic age, lithology, and thermal maturity data for surface and drill-hole samples, onshore Santa Maria and
Santa Barbara-Ventura basin area, California—Continued

Depth Stratigraphic
Map Sample below surface age? Ry Tinax VRE
No. No.! Location (ft) (Formation) Lithology? (%) TAL 0 PI H/C (%) Reference’
25  477-27-5 T.10 N.,R. 30 W. (SE.) - Late K ? 0.81+0.07 - 435 0.04 - 20.6-1.3 A
34°55°00™ N., 120°01" 14" W.
26 VF-81C-362 (143) T.I0N,R. 31l W. - K slst.-sh. - - 430 0.02 - <0.6 C
VE-81C-364 (144) | [ EEERRE - K —-do--- - - 444 0.03 - 20.6-1.3 (=0.6) C
- i [ SRR - K-early T ? - 2-/2 - - - <0.6 D
27 Well g: sec. 25, T. 10 N., R. 34 W.
-- - surface - - - - - - -- <0.67 -
6 - 3.165 late Miocene-  siliceous sh. - 1.1 - -- 1.12 G, H
early Pliocene (Ts)
7 -- 3,734 Miocene (Tm) — ---—- do---—-- - 3 - - 1.29 G, H
8 - 3,765 e do------- -——do—-——- - 1.3 - - 1.28 G,H
9 - 3922 e do-----—- -—-—-do------ - 1.5 - - 1.30 G.H
28 Well h: sec. 11, T.9N,,R. 34 W.
- - surface - - - - - - - <0.67 -
30 - 8.075-8.088 Miocene (Tm) calcareous - 2.0 - - 1.30 G.H
siliceous sh.
31 - 8,075-8.088 - 2.0 - - 1.29 G.H
32 - 8,581-8.593 0.30+0.08 2.1 - - 1.28 G.H
33 - 8,692-8,704 0.30+0.02 2.3 - - 1.14 G, H
34 - 8.757-8,767 0.33+0.12 2.3 - - 1.25 G, H
35 - 8,791-8,799 0.33+0.01 2.3 - - 1.26 G.H
36 - 9,106-9,124 0.36%0.01 2.3 - - 1.09 G, H
37 - 9,155 0.388 2.3 - - 1.15 G.H
29 Well i: sec. 25, T.9 N, R. 34 W,
-- -- surface - - -- - - - - <0.67 -
22 - 520-540 late Miocene- clayey 0.218 2.3 - - 1.43 G,H
early Pliocene (Ts) siliceous sh.
23 - 1,191-1,216 - L do------ 0.35+0.07 2.3 - - 1.14 G H
24 - 2,033-2.041 Miocene (Tm)  ——--do-—-— - 1.1 - - 1.36 G H
25 - 2.435-2,447 - L do------ - 1.1 - - 1.32 G, H
26 - 2,447-2,463 - do------- ——-dO--e- - 1.1 - - 1.34 G.H
27 - 2,785-2,790 B | | do=---—- 0.318 1.1 - - 1.27 G.H
28 - 3.247-3.265 Miocene (Tps)  ------do------ - 1.3 - - 1.30 G.H
29 - 3,491-3.509 - do-—-- e do—-—- 0.41%0.17 1.3 - - 1.21 G H
30 - T.9N.,R.36W. early Miocene sh., -9 - -- - - ranges from 1
(Tl and Tps) mdst., and 0.6-1.3
ss. to >1.3
31 FIG-2 T.8N.R.29W. - Late Jr-Early K concretion 1.00+0.05 3.0 454 0.03 - 0.6-1.3 A
34°44°18" N., 119°55°23" W. (KJe)
FIG-3 T.8N,R.29W. T — o= ek do-—--- 1.06%0.11 - 467 0.05 - 0.6-1.3 A
34°44°22" N.. 119°55'31" W.
R2440A sec. 16, T. 8§ N, R. 29 W. - ? - 3- - - - 0.6-1.3 D
R2440B — - ? - 3-/3 - - - 0.6-1.3 D
2439A - ? - 3- - - - 0.6-1.3 D
2438A - ? - 3- - - - 0.6-1.3 D
2438B - ? - 3 - - - 0.6-1.3 D
2438C - ? - 3- - - - 0.6-1.3 D
2438D -- ? - 3-/3 - - - 0.6-1.3 D
2438E . ? - 3.3 - - . 0.6-1.3 D
R2437B - - ? - 2+/3- - - -~ 0.6-1.3 (0.6) D
R2437A sec. 27, T. 8 N..R. 29 W. . ? - 24/3- - - - 06-13 (06) D
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Table 5. Locality, stratigraphic age, lithology, and thermal maturity data for surface and drill-hole samples, onshore Santa Maria and
Santa Barbara-Ventura basin area, California—Continued

Depth Stratigraphic
Map Sample below surface age? Ry} Tmax VRE
No. No.l Location (ft) (Formation) Lithology3 (%) TAI °C) PI H/C (%) Reference’
32 Well j: sec. 12, T.8 N..R. 34 W.
- - surface - - - - - - - <0.67 -
10 - 6.112-6,122  late Miocene-early  clayey  0.32+0.05 1.8 - - 1.22 G H
Pliocene (Ts)  siliceous sh.
11 - 8,006-8,021 Miocene (Tm) - 2.1 - - 1.30 G.H
12 - 8.006-8.021 - 2.1 - - 1.23 G, H
13 - 8,794-8,812 0.33+0.05 2.3 - - 1.30 G.H
14 - 9,509-9.515 - 2.5 - - 1.03 G H
15 - 9,509-9,515 0.35+0.03 2.5 - - 1.04 G.H
33 VF-80C-544 (87) T.7N.,R. 21 W. - Eocene (Tj) sist.-sh. - - 446 0.09 - 0.6-1.3 (=0.6) C
34 VF-80C-566 (101)  ~—— do-------— - e do-—--- -—-do-—- - - 432 0.04 - <0.6 C
35 VF-80C-569 (102) T.7N..R. 22 W. - e do----- ---do--- - - 472 0.37 - 0.6-1.3 (=1.3) C
VF-80C-574 (105) - do--------- - e do----- ---do--- - - 437 0.25 - 70.6-1.3 (?=0.6) C
36 VF-80C-570 (103) R do--—- ---do--- - - 436 0.06 - <0.6 C
VF-80C-573 (104) - e do----- ---do--- - - 421 0.17 - 7<0.6 C
VF-80C-575 (106) L do----- ---do--- - - 424 0.04 - <0.6 C
VE-80C-577 (107)  -=------- do--------- - -0~ ---do--- - - 434 0.64 - 7<0.6 C
R2735A sec. 10, T.7N.,R.22'W, - ? ? - 2/2+ - - - <0.6 D
R2735B e do----mmeemen - ? ? - 2 - - - <0.6 D
37 VE-80C-586 (108) T.7N.,R.22W. - Eocene (Tj) sist.-sh. - - 455 0.20 - 0.6-1.3 C
VE-80C-587 (109) - e do----- ---d0--- - - 445 0.71 - 20.6-1.3 C
VF-80C-588 (110) — do---—- —-do--- - - 441 0.15 - 0.6-1.3 c
R2535 sec. 16, T. 7N.. R. 22 W. - ? ? - 2+/3- - - -~ 0.6-1.3 (0.6) D
38 R2731G sec. 30, T.7N.,R. 23 W. - Eocene (Tcd) ? - 2 - - - <0.6 D
R2731H -—--do-- - - ? - 272+ - - - <0.6 D
R2731F sec. 25, T. 7N, R. 24 W. - e do---em- ? - 2+ - - - <0.6 D
R2731D sec. 36, T. 7N, R. 24 W. - Eocene (Tma) ? - 2+ - - - <0.6 D
R2731A - e do-—--- ? - 2+ - - - <0.6 D
R2741C - do-—-——- ? - 2+ - - - <0.6 D
R2730L - -0~ ? - 2+ - - - <0.6 D
R2730] - e do-—--- ? - 272+ - - - <0.6 D
R2730G - e do-—---- ? - 2 - - - <0.6 D
39 R2730C - ? - 24/3- - - - 0.6-1.3 (0.6) D
R2730D - ? - 2/2+ - - - <0.6 D
R2730E - ? - 2+ - - - <0.6 D
R2730F - ? - 24/3- - - - 0.6-1.3 (0.6) D
40 Well k: sec. 6, T.7N.,, R. 33 W.
- - surface - - - - - - - <0.67 -
1 - 1,390-1,415 late Miocene-early  clayey  0.34+0.30 1.1 -~ - 1.27 G, H
Pliocene (Ts) siliceous sh.
2 - 1,815-1,828 R do------ 0.33+0.09 1.1 - -- 1.21 G.H
3 - 2,600-2.618 Miocene (Tm) ~ ------do------ 0.378 1.1 - - 1.28 G, H
4 - 2,751-2,755 B [ R -dg---—-- - 1.1 - - 1.30 G,H
5 - 2,911-2,945 - do---— e do----—- 0.32£0.10 1.1 - - 1.22 G, H
41  VF-81C-278 (22) T.6 N, R. 18 W. - Eocene (Tj) slst.-sh. - - 493 0.16 - 7>1.3 C
42 VE-81C-966 (6) T.6 N, R. 19W. - Miocene (Tr) —-do--- - - 409 0.02 - <0.6 C
VF-81C-970 (7) = dOo-—-=---s- - --—=-do-----~ —-do-—- - - 411 0.03 - <0.6 C
VF-81C-973 (8  ———--me- do-—------- - do------ —-do--- - - 413 0.02 - <0.6 C
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Table 5. Locality, stratigraphic age, lithology, and thermal maturity data for surface and drill-hole samples, onshore Santa Maria and
Santa Barbara-Ventura basin area, California—Continued

Depth Stratigraphic
Map Sample below surface age? Ry Tnax VRE
No. No.! Location (ft) (Formation) Lithology3 (%) TAL ©C) PI H/C (%) Reference’
43 VF-80C-560 (96) T.6N.,R. 20 W. - Eocene (Tj) —-do--- - -- 454 0.27 - 0.6-1.3 C
VF-80C-561 (97) B s [ R - -—-do--- - -- 451 0.20 - 0.6-1.3 C
VF-80C-555 (91) et (Ve - ---do--- - - 454 0.22 - 0.6-1.3 C
VF-80C-595 (112) - ---do--- - - 2466 0.45 - 20.6-1.3 C
VE-80C-558 (94) --= - ---do--- - - 438 0.14 - 0.6-1.3 (=0.6) C
R2740 sec. 17. T. 6 N, R. 20 W. - ? - 2+ - - - <0.6 D
R2445A sec. 21. T.6 N., R. 20 W. - ? - 3- - - - 0.6-1.3 D
R2445B - ? - 3- - - - 0.6-1.3 D
R2445C - 7 - 3- - - - 0.6-1.3 D
VF-80C-554 (90) T.6N,R. 21 W. - slst.-sh. - - 450 0.16 - 0.6-1.3 C
44 VF-80C-543 (86) T.6 N,R.21W. - -=emedO-ee- ---do--—- - - 437 0.05 - <0.6 C
VF-80C-542 (85) s (LS - —--do-—-- —-do—-- - - 410 0.03 - <0.6 C
VF-80C-540 (83) - e do---—- -—-do--- - - 428 0.19 - 7<0.6 C
VF-80C-541 (84) — - -~=—-do----- ---do—- - -~ 419 0.09 - <0.6 C
R2738B sec. 3. T.6 N.,R. 21 W. - e do----- ? - 2-/2 - - - <0.6 D
R2738A sec. 4. T.6 N., R. 21 W. - —---do--—-- ? - 2 - - - <0.6 D
45 VF-80C-579 (80) T.6N,R.21W. - Eocene (Tcd) slst.-sh. - - 449 0.59 - 20.6-1.3 C
46 VF-80C-581 (78) T.6 N,R. 22 W. - e do------ -—-do--- - - 452 0.36 -- 0.6-1.3 C
47  VF-80C-592 (77)  —eeeee P S— - Eocene (Tew) —-do— - . 469 0.64 —~ 20613 (7=1.3) C
48 VF-80C-475 (55) T.6N,R. 22 W. - Eocene (Tj) ——-do— - - 450 015 - 0.6-1.3 c
R2647L sec. 30, T. 6 N., R. 22 W. - meedemnn 7 - 212+ - . - <0.6 D
R26471 B et (SR - Eocene (Tma) ? - 224 - - - <0.6 D
R2647F sec. 36, T.6 N, R. 23 W, - Bocene (Ted) ? - 212+ - - - <0.6 D
R2647E sec. 31, T.6 N, R. 22 W. - ? - 2 - - - <0.6 D
TS-80C-206 (44) T.6 N.,R. 23 W. - slst.-sh. - - 454 0.37 -~ 0.6-1.3 C
TS-80C-204 (43) B [ -- ---do-—- - -- 443 0.16 — 0.6-1.3 C
TS-80C-203 (42) e - ---do--- - - 447 0.13 - 0.6-1.3 C
VEF-80C-474 (36) T.6N.,R.22W. - ---do--- - - 452 0.11 - 0.6-1.3 C
R2647D sec. 36, T. 6 N, R. 23 W, - ? - 2 - - - <0.6 D
49 Well I: sec. 11, T.6 N..R. 23 W.
- - surface - - - - - - - <0.67
--10 - 771 Eocene ? 0.4810 - - - - - J
50 R2650E sec. 21, T. 6 N..R. 23 W. - ? - 2/2+ - - - <0.6 D
R2650D sec. 22, T.6 N.,R. 23 W. - ? - 2/2+ - - - <0.6 D
R2650C e do---menemeee - ? - 2/2+ - - - <0.6 D
R2650B - ? - 2+ - - - <0.6 D
R2650A - ? - 2+ - - - <0.6 D
VE-80C-483 (56) T.6N.,R.23 W. - slst.-sh - -- 446 0.07 - 20.6-1.3 (7=06) C
VE-80C-484 (57) ——---mn do--—----- - ---do-— - - 448 0.38 - 0.6-1.3 C
R2648D sec. 23, T.6 N., R. 23 W. - ? - 2+ - - - <0.6 D
R2648E s do--mmmmmmeme - 7 -- 2+ - - - <0.6 D
R2648H = e do----rmmmneee - ? - 2+ - - - <0.6 D
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Table 5. Locality, stratigraphic age, lithology, and thermal maturity data for surface and drill-hole samples, onshore Santa Maria and
Santa Barbara-Ventura basin area, California—Continued

Depth Stratigraphic
Map Sample below surface age? Ry Tinax VRE
No. No.! Location (ft) (Formation)  Lithology3 (%) TAI ©C) PI H/C (%) Reference’
51 R2650H sec. 18, T. 6 N.,R. 23 W. - Eocene (Tew) ? - 2 - - - <0.6 D
R2650G ---do--- - Eocene (Ted) ? - 2/2+ - - - <0.6 D
R2650F ---do--- FE— fi— ? - 2/2+ - - - <0.6 D
TS-80C-250 (50) T.6N,R.23 W. e do-—--- slst.-sh, - - 446 0.61 - 20.6-1.3 o
TS-80C-207 (45) - do——- ——-do-— - - 446 0.60 - 20.6-1.3 c
TS-80C-209 (46) e do----—- —--do-— - - 446 0.21 - 0.6-1.3 c
TS-80C-211 (58) - Eocene (Tj) ——-do--- - - 451 0.24 - 0.6-1.3 c
TS-80C-212 (59) - e do-—- -e-do--- - - 452 0.24 - 0.6-1.3 c
TS-80C-215 (60) - P ---do--- - - 445 0.10 - 0.6-1.3(=0.6) C
TS-80C-217 (61