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Paleogeography of the Western Transverse Range Province,
California: New Evidence From the Late Oligocene and
Early Miocene Vaqueros Formation

By Catherine A. Rigsby’
Abstract

Outcrops of the Vaqueros Formation in the westernmost
Transverse Ranges, and Vaqueros hydrocarbon reservoir strata
in the adjacent Santa Barbara Channel, reveal dual sediment
sources and a complex late Oligocene/early Miocene shore-
line geometry. Shelf deposits in the central Santa Ynez Moun-
tains separate a gently sloping, west- and southwest-facing
mainland shoreline to the east (eastern Santa Ynez Mountains
and Santa Monica Mountains; all depositional coordinates are
prerotation) from a steep, east- and south-facing shoreline to
the west (westernmost Santa Ynez Mountains). The western
and central regions are dominated by lithic-rich arenites and
by Franciscan-clast conglomerates (petrofacies one) derived
from an emergent portion of an early Tertiary trench-slope
break. The eastern region is dominated by lithic-poor
quartzofeldspathic sandstones (petrofacies two) derived from
older (Upper Cretaceous and (or) Paleogene) sandstones on
the mainland to the east. The two lithofacies interfinger in the
central region.

During the late Oligocene, sediment was shed onto the
Vaqueros Formation shelf from both the mainland to the east
and the partially emergent trench-slope break to the west.
Later, during the early Miocene, transgression proceeded
across the region, drowning the westernmost shoreline. Stron-
tium isotopic analyses suggest apparent ages for Vaqueros
strata that get younger in the paleo-landward directions. These
strata record deposition in a complex forearc basin within an
obliquely convergent continental margin. The geometry of
this basin was the product of early to middle Tertiary plate
interactions.

INTRODUCTION

The Vaqueros Formation in the western Transverse
Ranges occupies a key position, both temporally and spatially,
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in the development of the southern California transcurrent con-
tinental margin. The Vaqueros strata also record the onset of
eustatic sea level rise in a tectonically active marginal basin
(Howard, 1988, 1995; Rigsby 1988b, 1994a). An apprecia-
tion of the Vaqueros sedimentary record is important in un-
derstanding the tectonic history of this complex area of
southern California.

This paper details the stratigraphy of the Vaqueros For-
mation in the western Transverse Ranges (fig. 1) and presents
a paleogeographic reconstruction of the study area during late
Oligocene/early Miocene time. This reconstruction uses pet-
rologic and lithofacies data from the Vaqueros Formation and
is presented as a starting point for future, more detailed inves-
tigations, which should include age-equivalent strata to the
north of the study area as well as detailed (and as yet propri-
etary) subsurface data from the adjacent Santa Barbara Chan-
nel. The data and interpretations based on the Vaqueros
Formation and presented in this report provide new informa-
tion and insights into the evaluation of tectonic models, based
on paleomagnetic data, for the Tertiary history of southern
California. Without sedimentological data, these models can-
not be fully evaluated or tested.
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TECTONIC SETTING

Paleomagnetic declinations in rocks of the western Trans-
verse Ranges suggest that a structural block bound on the north
by the Santa Ynez fault, on the east by the San Gabriel fault,
and on the south by the Malibu Coast fault (fig. 1) was tec-
tonically rotated (approximately 90°) from an original north-
south orientation during middle Miocene time (Luyendyk and

others, 1980, 1985). This rotation occurred during deposition
of the Monterey Formation and corresponds in age to a re-
gional disconformity within the Monterey (Luyendyk and oth-
ers, 1985). Thelack of an angular unconformity at this position
in the stratigraphic record suggests that the rotation was not
accompanied by tectonic compression within the rotating
block. Further, the lack of throughgoing strike-slip faults, along
with a systematic decrease in magnetic declination with de-
creasing age, suggests that the western Transverse Ranges were
rotated as a single, coherent crustal block (Luyendyk and oth-
ers, 1985). This rotation is attributed to the northwest-south-
east-oriented shear couple that has existed between the Pacific
and North American plates since the Oligocene (Cox, 1980;
Luyendyk and others, 1985).

On the basis of paleomagnetic and stratigraphic data from
the western Transverse Ranges, Hornafius (1985) suggested
that there was no significant change in paleogeography be-
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tween early Tertiary and Miocene time. In his model (fig. 2),
the Santa Ynez fault marks the hingeline of the early Tertiary
forearc basin, the Santa Maria basin is an emergent segment
of the Oligocene trench-slope break, and the area now occu-
pied by the southern Santa Ynez Range is situated on the
continentward margin of that trench-slope break and on the
oceanward side of the forearc basin (Hornafius, 1985; Rigsby,
1989a,b). Paleogeographic interpretations based on strati-
graphic, petrologic, and depositional data from Vaqueros For-

mation strata in the western Transverse Ranges are presented
here as a partial test of this model.

STRATIGRAPHY

Lithostratigraphy

The Vaqueros Formation is part of a regional late Oli-
gocene and early Miocene deepening-upward sequence that
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Figure 2. Palinspastic reconstruction of southern California during early Tertiary time (modified after Hornafius, 1985). Abbreviations:
SLO, San Luis Obispo; SM, Santa Maria; SB, Santa Barbara; V, Ventura; LA, Los Angeles; SD, San Diego; SCI, Santa Cruz Island; SR,
Santa Rosa Island; SMI, San Miguel Island; SNI, San Nicolas Island; F, fault.
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correlates with a second-order eustatic sea level rise (fig. 3).
Sea level lowstand is represented by the upper member of the
Sespe Formation which forms a widespread nonmarine base
to this transgressive sequence (Howard, 1988, 1995). With
the onset of sea level rise, the Sespe continental deposits were
onlapped by nearshore and shelf sediments of the Vaqueros
Formation. The Vaqueros, in turn, is overlain by shelf and
slope strata of the Rincon Formation, which correlates with
the highest stands of sea level during early Miocene time. The
nature of the contacts between the Vaqueros Formation and these
adjacent units and a detailed knowledge of local stratigraphy are
important for a regional stratigraphic and sedimentologic un-
derstanding.

The contact between the Vaqueros Formation and underly-
ing formations is complex. The Sespe Formation grades west-
ward into paralic and shelf facies of the Alegria Formation
(Dibblee, 1950; Howard, 1988). In the eastern part of the study
area — for example, east of Lauro Canyon (fig. 1) and still far-
ther east in the Santa Monica Mountains (Edwards, 1971; Lane,
1987) — the Vaqueros lies conformably and, locally, gradation-
ally on the Sespe Formation. In the central part of the study
area, at Canada de la Pila and Gaviota Gorge (fig. 1), for ex-
ample, and in off shore wells at Hondo field (Miles and Rigsby,
1990; Rigsby and Schwartz, 1990) the Vaqueros sharply and
conformably overlies paralic facies of the Alegria Formation.
Farther west, the contact with the Alegria Formation becomes
unconformable. The unconformity becomes progressively more
angular westward, attaining a maximum angularity of 10°. In
the northern part of the study area, at Gibraltar Reservoir, the
basal Vaqueros contact is poorly exposed, but Vaqueros strata
appear to be conformable with the underlying Sespe. Viewed
regionally, the basal surface of the Vaqueros Formation progresses
from an angular unconformity in the west to a transgressive sur-

face — a surface cut by wave and current activity in a marine
environment during or subsequent to a marine transgression, not
a subaerial erosion surface (Nummendal and Swift, 1987) —in
the central and offshore regions, to a conformable surface in the
east and the north (Rigsby, 1988b).

The contact between the Vaqueros Formation and overly-
ing units is most commonly a sharp boundary. In the westernmost
part of the study area (at Rodeo Canyon (fig.1), for example),
this contact marks the change from fine-grained sandstone and
siltstone of the Vaqueros to silty mudstone of the Rincon Forma-
tion. In outcrops along the central coastal region, the contact is
between coarse-grained sandstone (at Canada de la Pila) and
conglomerate (at Gaviota Gorge) of the Vaqueros and siltstone
and mudstone of the Rincon. At the Hondo and Capitan fields
(see fig. 5), the Rincon-Vaqueros contact is either sharp or gra-
dational over a short vertical distance (Miles and Rigsby, 1990;
Rigsby and Schwartz, 1990). In these oil fields, the contact marks
the transition between sandstone and siltstone of the Vaqueros
and siltstone and shale of the Rincon.

Only in the Gibraltar reservoir area (fig. 1) is the upper
contact of the Vaqueros Formation more complex. In this area,
massive amalgamated sandstones of the Vaqueros, with thick
beds of intervening siltstones, grade upward into the thinner sand-
stone beds of the Rincon Formation (Dibblee, 1973), which con-
tain thin siltstone interbeds. The sandstone beds become thinner
and finer upward across the contact. No mudstones are present
at this locality. This gradational contact is present throughout
most of the Gibraltar Reservoir area. The Rincon thins north-
ward and eastward, however, and pinches out entirely near the
northern boundary of the study area. At Devil’s Canyon — the
northernmost outcrop in this study — the Rincon is not present.
The Vaqueros Formation at Devil’s Canyon is overlain by the
fossiliferous, shallow-marine, lower Miocene Temblor Forma-
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Modified after Howard (1995) to show decrease in age of the base of the Vaqueros Formation to the west, as discussed in text. See
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TABLE 2. Apparent age of the Vaqueros Formation in various parts of the western Transverse Ranges as reported by this and

other studies.

[Only the three samples considered “reliable” (see table 1 and discussion in text) are included in the apparent age list for this
study. Ages marked (b) are from the base of the Vaqueros; ages marked (t) are from the top of the Vaqueros.]

Dickinson and others (1987) This study
(Total Vaqueros Fm. age estimate) (Age of base or top of Vaqueros Fm.)
Hollister Ranch area 24+1 Ma (b)

Gaviota Pass area 27-25 Ma
Santa Barbara area 26-24 Ma
Ventura area 26-23.7 Ma

Gibraltar Reservoir area

23+1 Ma (b), 19£1 Ma (1)

tion (also called Vaqueros by some workers, such as Dibblee,
1973). The Temblor Formation is not present elsewhere in the
study area.

Chronostratigraphy

Although rarely cited as a true chronostratigraphic stage,
the “Vaqueros Stage” of Addicott (1977) is useful in that it
denotes a group of megafossils distinctive to the Vaqueros
Formation. A wide range of these Vaqueros Stage fauna was
identified from Vaqueros outcrops on Vandenberg Air Force
Base, on Hollister Ranch, and in the Gibraltar Reservoir area.
Species present in the western and northern outcrop areas in-
clude the following: _Lyropecten magnolia (a good Vaqueros
Stage index fossil), Turritella inezana, “Trophon”, Ostrea
eldridgei? or subtititan?, Neverita reclusiana, Dosinia sp.,
Tivela inezana, and Saxidomus sp. or Periglypta sp. No iden-
tifiable forms are present in the central or eastern coastal out-
crops, although the Cafiada de la Playa section contains
abundant coarse sand-sized fossil fragments.

In addition to fossil evidence, this study compared data
obtained from strontium isotopic analysis (table 1) of samples
from outcrops in the Santa Barbara coastal region and in the
Gibraltar Reservoir region to the seawater strontium curve of
DePaolo (1986; DePaolo and Ingram, 1985) to ascertain the
chronostratigraphy of the Vaqueros Formation in the study area.
High quality, datable material is scarce in these areas and, as
indicated in table 1, samples of various type and quality were
analyzed. In the best cases, large unaltered shell fragments
were available and were collected and analyzed. In the worst
cases, small slightly altered shell fragments were the only
material available and, as such, were collected and analyzed.
As aresult of this variation in sample type and quality, analy-
ses yielded a wide range of apparent ages for the strata.

Fibrous oyster samples, such as those from Bulito Road
and Paradise Road (table 1), yielded the best dates. Barnacle
fragments also yielded usable ages. At Little Sespe Creek, for
example, barnacles and oysters from the same unit yielded

identical ages. Bivalve fragments are of questionable reliabil-
ity as age indicators. This unreliability may be the result of
changes in the marine ¥Sr/*Sr signal brought about by fresh-
water flux — either after deposition or in the original mar-
ginal marine environment (Bryant and others, 1995).

Other sample types are generally unreliable. The
mixed mollusk fragments from Alegria/Cuarta Canyon (al-
though they appeared fresh in hand sample) yielded anoma-
lously young apparent ages. The bivalve fragments from
Coyote Canyon and the oyster fragments from Bulito Canyon
also yield low ages. As expected, samples that were notice-
ably weathered in the field yielded consistently anomalous
data. At Paradise Road (Gibraltar Reservoir), for example,
only two of the samples yielded believable apparent ages —a
Vaqueros Formation sample at 2311 Ma and a Rincon sample
191 Ma. The other ages were anomalously low and (in some
cases) inverted, implying that the marine #Sr/¥’Sr signal has
been affected..

Although the data presented in table 1 show apparent
ages that are widely scattered and that in some cases may not
be reproducible, careful examination suggests that at least
3 of the 17 samples yielded reasonable data: one of the 2
Bulito Road samples and 2 of the 9 Paradise Road samples.
The apparent ages of these samples allow a reasonable
reconstruction of Vaqueros Formation chronostratigraphy.

The COSUNA Project chart for southern California
(Bishop and Davis, 1984) indicates that the Vaqueros Forma-
tion in the central Santa Ynez Mountains ranges from 31 to
23.1 Ma (top of Zemorrian Stage). Within the error of this
method, the strontium data presented here suggest that the
Vaqueros strata in the Hollister Ranch and Paradise Road
(Gibraltar Reservoir) areas were deposited 18 to 25 Ma. As
reported by other workers, based on provincial foraminiferal
stages in the overlying Rincon Formation (table 2), Vaqueros
strata in the Gaviota Pass, Santa Barbara, and Ventura areas
are slightly older (23.7-27 Ma; total Vaqueros Formation age
range). Previous workers have suggested that the Vaqueros
“youngs” landward — to the east (fig. 3; Howard, 1995) and
the north (T.H. McCulloh, oral commun., 1987). These stron-

T6 Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



tium and foraminiferal data do not contradict these landward-  and early Miocene topography. This complexity is outlined
younging hypotheses; instead — when viewed in the context  in detail in the discussions of Vaqueros lithofacies that follow
of the early Tertiary paleogeography — they suggest that land-  and has been alluded to by previous workers (Hornafius, 1985;

ward younging took place over a very complex late Oligocene  Rigsby, 1989a, 1994a,b).
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geological evidence (such as the positions of paleoshorelines) presented in this paper and in work by Howard (1988), Hornafius (1985),
and others. As discussed in the text, this hypothesis suggests that the Vaqueros Formation decreases in age in all landward directions.
Base map is the early Tertiary palinspastic reconstruction of southern California (Hornafius, 1985). See figure 2 for abbreviations.
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When hypothetical time lines — based on the data in
presented table 2 and on geological data, such as the positions
of paleoshorelines — are plotted on the palinspastic recon-
struction of carly Tertiary southern California (fig. 4), a pat-
tern of landward younging does emerge. In this hypothesis,
the older Vaqueros Formation strata (T1 on fig. 4) are approxi-
mately latest Oligocene to carliest Miocene and the younger
Vaqueros Formation strata (T2 on fig. 4) are approximately
early Miocene. Further, the time lines parallel the complex
topography suggested by the paleomagnetic models. This
chronstratigraphic reconstruction implies a time-transgressive
nature for the Vaqueros Formation in this area. The Vaqueros
transgression probably happened rapidly and at about the same
time (late Oligocene) throughout the region and in adjacent
areas (Stanley and others, 1992; Lagoe, 1988; Rigsby, 1989a;
Keller and others, in press).

LITHOFACIES

Interpretation of lateral and vertical facies changes based
on outcrop observations and on analysis of subsurface data
(sparse public-domain well logs and cuttings as well as pro-
prietary data from the Hondo, Capitan, and Elwood fields)
suggests that the Vaqueros Formation in the study area may be
divided into four major lithofacies tracts for the purpose of
paleogeographic reconstruction. A facies tract is defined here
as an area in which a single depositional system is predomi-
nant. The four Vaqueros depositional systems are summa-
rized below. This summary is based primarily on previous
work (Rigsby, 1988a,b, 1989a, 1994b). The present-day geo-
graphic extent of each depositional system is illustrated in fig-
ure 5 and selected, generalized measured sections are presented
in figure 6. All directions used in this discussion are based on
present-day geographic orientations (that is, relative to mod-
ern coordinates).

Fan-Delta Conglomerates

The Vaqueros Formation fan-delta conglomerates, de-
scribed in detail by Rigsby (1989a, 1994b), are exposed ex-
clusively in the westernmost Santa Ynez Mountains. They
consist of coarse-grained, matrix-supported, variably fossilif-
erous conglomerate overlain by extensively bioturbated, lo-
cally crossbedded, coarse- to fine-grained sandstone (Sudden
Canyon and Cementerio Canyon in fig. 6). Fan-delta plain,
fan-delta front, and fan-delta slope units are present in a con-
sistently deepening-upward sequence that documents the ef-
fect of late Oligocene and early Miocene sea level rise. Pebble
imbrications throughout the sequence and channel orientations
and crossbedding in the fan-delta front units record paleoflow
to the east and southeast (Rigsby, 1989a, 1994b). No well
data were available for examination in the area offshore of
this facies tract.

Shoreline Sandstones and Conglomerates

Shoreline sequences (fig. 5; Alegria/Cuarta Canyon in
fig. 6) present in the central coastal portion of the study area
— on Hollister Ranch (fig. 1) - consist of crossbedded, sharp-
based beds of sandstone and conglomerate overlain by surf-
zone sandy conglomerate and, finally, by inversely graded,
planar-laminated, coarse-grained sandstone (Rigsby, 1988b,
1989a,b). These strata represent deposition in a prograding
shoreface-beach environment similar to that described by
Hunter and others (1979). Paleocurrent indicators in the surf
zone strata record a southeast-directed paleoslope.

Similar rocks occur in Vaqueros Formation outcrops stud-
ied by Edwards (1971) and Lane (1987) in the Santa Monica
Mountains, where paleocurrent indicators record northwest
paleoslope directions.

Cuttings and electric logs from wells offshore of the cen-
tral coastal portion of the study area indicate that the Vaque-
ros Formation in the offshore is thin and discontinuous (Rigsby,
1989a). Examination of public domain well data reveals that
the Vaqueros is present only in the Texaco Anita Block (fig.
5). The Texaco Anita CHA and the Texaco Anita #9 wells
(fig. 1) encountered approximately 60 feet of coarse-grained
sandstone overlain by fine-grained sandstone and siltstone of
the Rincon Formation and underlain by Alegria Formation
sandstones. In wells to the west, such as the Texaco Jade #21
(fig. 1), and to the east, such as the Arco Ames #3 (fig. 1), the
Rincon Shale directly overlies the Alegria Formation with no
intervening Vaqueros strata.

Inner-Shelf Sandstones

Outcrops along the eastern coastal portion of the study
area are exemplified by the stratigraphic sequence at Canada
de la Pila [referred to as Canada de la Playa in Rigsby (1988a,b)
and as Quemado Canyon on fig. 6]. These strata consist of
coarse-grained to granular sandstone that exhibit medium- to
large-scale trough and planar crossbedding, and recording bi-
directional paleoflows (Rigsby, 1988b, 1989a). Interpreted as
inner shelf (tidal?) sand wave deposits, these units are con-
formable, but in sharp contact, with interbedded deltaic and
nonmarine strata of the Alegria and Sespe Formations below
and with shelf and slope strata of the Rincon Formation above.

Inner-shelf sandstones are identifiable in the subsurface
in both the Hondo and Capitan fields (fig. 5). In the Hondo
field the Vaqueros Formation consists of massive, bioturbated,
medium-grained sandstone with few preserved inorganic sedi-
mentary structures (Miles and Rigsby, 1990). In the Capitan
field, the Vaqueros consists of medium- to coarse-grained,
bioturbated, locally crossbedded and laminated sandstone
(Rigsby and Schwartz, 1990). The lack of wave-formed sedi-
mentary structures and the extensive bioturbation in Vaqueros
strata in both areas suggest that these strata were deposited in
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an inner-shelf environment where coarse-grained material was
available, but where depositional energy was low enough to
allow extensive faunal development.

In general, the inner-shelf facies of the Vaqueros Forma-
tion (as recorded in outcrops, as well as in the Capitan and
Hondo fields) fines, thins, and becomes more pervasively
bioturbated in the present-day offshore direction. The preser-
vation of laminations and crossbedding and the lack of sig-
nificant amounts of fine-grained material in the Vaqueros
sandstone in the Capitan field indicate that the sandstones in this field
occupied a more proximal position than that of the Vaqueros sand-
stones in the Hondo field. Furthermore, the intensity of the
bioturbation and the occurrence of fine-grained sandstone and
claystone at the tops of some Vaqueros intervals in the Capitan field
suggest that the Vaqueros Formation in the Capitan field strata occu-
pied a more distal position than the Vaqueros outcrops along the
eastern coastal portion of the study area.

The outcrops and the natare of the Vaqueros Formation
strata in the subsurface suggest that the inner-shelf sandstone
environment may trend parallel to the paleoshoreline as a se-
ries of discontinuous, lens-shaped, medium- to coarse-grained
sandstone bodies as is common in the deposits of shelf strata
in the Cretaceous of the western interior of North America

(Tillman and Martinsen, 1984). These sandstone bodies may be
separated by areas of thinner bedded, finer grained sandstone and
siltstone that may be difficult to distinguish from the Alegria Forma-
tion in both wireline logs and cores.

Deltaic Sandstones and Siltstones

The Vaqueros Formation in the Gibraltar Reservoir area
(Rigsby, 1989a), as well as in parts of the Santa Monica Moun-
tains to the east (Edwards, 1971; Lane, 1987), consists of del-
taic sandstone and siltstone.

Gibraltar Reservoir Area

In the Gibraltar Reservoir area the deltaic facies is a 700-
m-thick (maximum thickness; the lowermost part of the se-
quence contains an unknown thickness of fault-repeated
section) coarsening- and thickening-upward sequence of sand-
stone and interbedded siltstone. The lower portion of the se-
quence is poorly exposed along the tops of canyon walls in
Arroyo Burro (fig. 1). It consists of fine- to medium-grained,
buff to yellow, extensively bioturbated and locally crossbedded

Paleography of the Western Transverse Range Province, California T9
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cent). Conglomerate clast compositions in this petrofacies
mirror those of the lithic grains. The dominant clast types are
buff to brown, well-indurated graywacke and red, black, and
green (locally radiolarian-bearing) chert. Subordinate amounts
of dark gray to black, fine-grained volcanic and metavolcanic
clasts are also present.

The abundance of radiolarian-bearing chert and of
graywacke, as well as the occurrence of volcanics and
metavolcanics, suggest a Franciscan provenance for this
petrofacies. Extensive outcrops of Franciscan assemblage
rocks (also called the Fransican Complex by some workers)
around the perimeter of the Santa Maria basin to the north
(the paleo-upslope direction) is consistent with a Franciscan
provenance. Neither of these criteria, however, unequivocally
confirms such a provenance. The Jurassic Coast Range
ophiolite (Hopson and others, 1981), which outcrops locally
within and around the Santa Maria basin (although not di-
rectly in line with measured paleocurrents), also contains ra-
diolarian chert and, as such, may have been a source for the
chert in this petrofacies. Likewise, the Upper Jurrasic and
Lower Cretaceous Espada Formation (Dibblee, 1950), which
outcrops locally in the Santa Ynez Mountains may have con-
tributed fragments of lithic-rich wacke as well as chert re-
worked from beds of chert-pebble conglomerate. Hence, cherts
could be derived from the Cretaceous Franciscan mélange,
from the Point Sal ophiolite (Hopson and Franco, 1977) and
correlative units, or from the Espada Formation chert-pebble
conglomerates.

Petrofacies 2

Petrofacies 2 consists of fine-grained quartzofeldspathic
sandstone of the Vaqueros Formation that outcrops east of

Refugio Canyon and in the northern portion of the study
area (in the deltaic strata), and that occurs in offshore wells
east of Refugio Canyon and at Hondo and Capitan fields (in
inner-shelf strata). This sandstone is identical in framework
grain composition to the underlying sandstones of the Alegria
Formation. Unlike petrofacies 1, sandstones of petrofacies
2 average only 25 percent lithic fragments. These lithics are
evenly divided between volcanic (primarily microlitic) and
sedimentary rock fragments. If rock fragments containing
sand-sized mineral grains (and thus counted as the mineral
grain) are included in the total rock fragment count for all
samples, the difference in lithic content between the two
petrofacies becomes even greater. In addition, Vaqueros
sandstones east of Refugio Canyon and in the Gibraltar
Reservoir area commonly contain granitic rock fragments that
are not present in sandstones west of Refugio Canyon.

Conglomerate is rare in these eastern strata. Where it
does occur (predominantly as thin lags in channel bases),
the clasts are dominantly locally dervied, fine-grained
quartzofeldspathic sandstone, mudstone (usually rip-ups),
and rare fine-grained volcanics.

The quartzofeldspathic composition of these sand-
stones and the occurrence of granitic lithics suggest a gra-
nitic source for this petrofacies. Granitic rocks crop out
extensively in the southern Sierra Nevada to the cast and
are the dominant source rocks for many older Tertiary units
(Edwards, 1971; Lane, 1987; Howard, 1988). The domi-
nant southwest and west paleocurrent directions recorded
in the deltaic strata near Gibraltar Reservoir suggest a simi-
lar source for the Vaqueros Formation in that area. The
variation in framework grain composition within the
petrofacies 2 inner shelf strata, especially as documented
for Vaqueros strata by Rigsby and Schwartz (1990), sug-
gests that the Vaqueros inner shelf strata were derived, at
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Paleography of the Western Transverse Range Province, California T13



least in part, from the reworking of older shelf material. If
this is indeed the case, the lateral variability of framework
grain composition seen in petrofacies 2 strata may be
controlled primarily by local variations in the rate of sedi-
ment supply — that is, by the amount of “dilution” of relict
sediments by new, extrabasinal sediments (Rigsby and
Schwartz, 1990).

DISCUSSION

Regional Paleogeography

East-directed paleocurrents in nearshore deposits in the
westernmost Santa Ynez Mountains along with dual
petrofacies in Vaqueros Formation sandstones and conglom-
erates indicate that the geographic and geologic setting of
Vaqueros deposition was complex. A world-wide sea level
lowstand during the late Oligocene (fig. 3) resulted in the
widespread deposition of fluvial-alluvial Sespe Formation
strata (Howard, 1988, 1995) and in the initiation of deposi-
tion of the shallow-marine Vaqueros Formation. As sealevel
subsequently rose, strata of the Vaqueros Formation trans-
gressed over the former fluvial-alluvial depositional sur-
face. Facies differences in the Vaqueros reflect variations
in local topographic relief of that surface.

A model for the paleogeography of the western Trans-
verse Ranges province during Vaqueros Formation deposi-
tion is depicted in figure 9. The base map for this
reconstruction is the palinspastic map of southern Califor-
nia proposed by Hornafius (1985). This map incorporates
all of the paleomagnetic data for the region and has been
used as a paleogeographic base map by Howard (1988) in
work on the Sespe Formation and by Lane (1987) in work
on the Vaqueros Formation in the Santa Monica Mountains.
The distribution of Vaqueros sedimentary environments in
the western Transverse Ranges and data from the previous
studies referenced above require a paleogeographic model
that includes both continentward and oceanward sides of
the forearc basin. Hence, the data presented here serve as
geologic confirmation of the paleomagnetically derived tec-
tonic reconstruction used as the base map in figure 9.

All of the paleocurrents from this study, and from the
studies by Lane (1987) and by Howard (1988), with

the exception of paleocurrents from the Gibraltar Reser-
voir area, were rotated 90° counterclockwise as required
by the paleomagnetic data. Rotation is unnecessary for
the Gibraltar Reservoir paleocurrents because the area is
north of the boundary of tectonic rotation (north of the Santa
Ynez fault) and has experienced no significant rotation
(Hornafius, 1985).

The Vaqueros Formation outcrops located south (mod-
ern position) of the Santa Ynez fault are all situated on the
oceanward side of the Oligocene and early Miocene forearc
basin. The fan-delta and shoreface-beach deposits delin-
eate the Vaqueros shoreline position along the offshore

emergent high. Rotated paleocurrent directions indicate a
source area to the west and an east-facing paleoslope,
confirming the existence of the emergent high to the west.
The nature of the uplifted landmass is unknown, but
Hornafius (1985) suggested that it may have been similar
to islands formed by emergent portions of the trench-slope
break near northern Sumatra. The position of the western
trench-facing shoreline in figure 9 is based on his model.

The inner-shelf deposits are, in part, petrographically
similar to petrofacies 1 and exhibit rotated paleocurrents with
northeast-southwest orientations. As sand wave deposits
(whether or not tidally influenced), these strata suggest that
the shoreline was even farther to the west in this area — within
what is now Santa Maria basin.

Deepwater Vaqueros Formation deposits in the western
Santa Monica Mountains (represented by the westernmost open
arrow near the Santa Monica Mountains in fig. 9) were situ-
ated on the oceanward side of the forearc basin but closer to
the basin axis than fan-delta, nearshore, and inner-shelf facies
tracts (facies tracts 1, 2, and 3). These deeper water deposits
record east-directed paleocurrents (fig. 9) and were probably
derived from the same landmass as facies tracts 1, 2, and 3
(Lane, 1987).

The deltaic deposits in the Gibraltar Reservoir area de-
lineate a position for the mainland shoreline in the northern
part of the study area that is approximately 100 km southwest
of the shoreline modeled by Hornafius (1985) on the basis of
regional stratigraphic relationships. The southwest-directed
paleoslopes recorded in the Gibraltar Reservoir strata do, how-
ever, confirm the orientation of his predicted shoreline. Be-
cause of the thick, prograding nature of the delta deposits, the
shoreline on the paleogeographic map is placed at a nonspe-
cific point within the outcrop belt. The placement of the south-
ern continuation of the mainland shoreline is based on work
by Lane (1987), which in turn is based on the eastward pinchout
of shallow-marine Vaqueros Formation deposits and on the
interfingering relations with nonmarine strata of the Sespe
Formation.

Stratigraphic Implications

The paleogeographic scheme illustrated in figure 9 ex-
plains the variations in the nature of the Vaqueros Formation
lower contact. Nearshore deposits, which conformably over-
lie the Sespe Formation in the eastern (present-day orienta-
tion) Santa Monica Mountains, were situated on the main-
land and represent a west-facing shoreline (east-flowing
paleocurrents); shelf deposits (Rigsby, 1988a, 1989a,b) in the
central part of the study area accumulated on the oceanward
side of the forearc basin; and fan-delta and shoreface-beach
sequences in the western study area were deposited on the
eroded edge of a locally emergent accretionary wedge. The
regional variations in the nature of the contact are the result of
late Oligocene to early Miocene eustatic sea level rise, regional
tectonic setting, and contemporaneous tectonic activity asso-
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ciated with the final stages of subduction of the Farallon plate
beneath North America (Hornafius, 1985; Rigsby, 1989a).

Tectonic Implications

Any sedimentological or structural model for the history
of the western Transverse Ranges must consider the implica-
tions of the approach and ultimate subduction of the East Pa-
cific Rise beneath the North America continental margin at a
location very near the latitude of the Transverse Ranges prov-
ince (Atwater, 1970; Atwater and Molnar, 1973; Dickinson
and Snyder, 1979a,b; Engebretson and others, 1985). Although
the exact latitude of the initial contact between the Rise and
the North American plate is not well constrained, various work-
ers (Christensen and Lipman, 1972; Atwater and Molnar, 1973;
Dickinson and Snyder, 1979a,b; Engebretson and others, 1985;
Molnar and Stock, 1985) have suggested that the first contact
took place at a latitude somewhere between the Transverse
Ranges and northern Baja California. Many of the geologic
complexities in the western Transverse Ranges may be ac-
counted for, however, if the East Pacific Rise first made con-
tact at the latitude of the Transverse Ranges. The East Pacific
Rise was close to the continental margin by about 38 Ma and
first achieved contact about 29 Ma (Atwater, 1970; Engebretson
and others, 1985). As a topographic consequence of ridge
subduction, DeLong and Fox (1977) predict a gradual shoal-
ing culminating in the subaerial exposure of the forearc basin
followed by gradual basin submergence. The late Eocene and
Oligocene sedimentary sequence in the western Transverse
Ranges records a similar sequence of events (Howard, 1988,
1995): sedimentary offlap in the lower part of the Sespe For-
mation records a late Eocene gradual shoaling, a basin-wide
early Oligocene unconformity in the Sespe records a period
of subaerial exposure, and backfilling of the Sespe basin
records the gradual submergence of the forearc basin.

Hornafius (1985) suggested the existence of an emergent
section of the early Tertiary trench-slope break in the location
of the present-day Santa Maria basin. The Vaqueros Forma-
tion fan-delta facies in the westernmost Santa Ynez Moun-
tains (Rigsby, 1994b) confirms the existence of such a high
within the forearc basin as late as 24+1 Ma. The existence of
shelf deposits # conformable contact above the underlying
fan-delta slope deposits (Rigsby, 1989a,b) and the drowning
of the shelf-sand wave deposits with slope deposits of the
Rincon Formation (at Canada de la Pila) is a record of the
rapid submergence of this high and, thus, of the complete sub-
mergence of the early Tertiary forearc basin system.

As noted by Howard (1988, 1995), although the Sespe-
Vaqueros-Rincon series of depositional events is remarkably
similar to that predicted as a consequence of ridge-
transform subduction, the timing coincides with several glo-
bally-recognized eustatic sea level drops (and subsequent rises;
fig. 3); hence, these depositional events may not have been
solely the result of plate tectonics. Indeed, the deepening-

upward fan-delta sequence in the Hollister Ranch area (Rigsby,
1988b; 1989a,b; 1994a) suggests that although initial deposi-
tion was in response to uplift of the paleo-trench-slope break,
sea level rise also may have played an important role in depo-
sition. However, the existence of nearly contemporaneous
shallowing- and deepening-upward sequences and of
paleobathymetric subsidence that exceeded eustatic sea level
fluctuation (Pinkerton and Rigsby, 1991) indicate that the
eustatic sea level changes in the area were overprinted by lo-
cal and regional tectonics.

The Vaqueros Formation paleogeography as pre-
sented here is a reflection of a complex, tectonically influ-
enced physiography. The overprint of sea level fluctuations
on that physiography is recorded in both the large-scale, re-
gional, deepening-upward sequence (from nonmarine Sespe
Formation deposits through deep-marine Monterey Formation
deposits) and in the remarkable variation in vertical sequences
found within the facies of the Vaqueros Formation.

REFERENCES CITED

Addicott, W.0., 1977, Neogene stratigraphy of nearshore marine ba-
sins of the eastern north Pacific: Proceedings of the First Inter-
national Congress on Pacific Neogene Stratigraphy, Tokyo, p.
158.

Atwater, T., 1970, Implications of plate tectonics for the Cenozoic
evolution of western North America: Geological Society of
America Bulletin, v. 81, p. 3513-3536.

Atwater, T., and Molnar, P. 1973, Relative motion of the Pacific and
North American plates deduced from sea-floor spreading in the
Atlantic, Indian, and south Pacific Oceans, in, Kovach,R.L., and
Nur, A., eds., Proc. of the conference on tectonic problems of the
San Andreas Fault system: Stanford University Publications in
Geological Sciences, v. 13, p. 136—148.

Bishop, C.C., and Davis, I.F,, 1984, COSUNA — Southern Califor-
nia region correlation chart: American Association of Petroleum
Geologists Chart 1.

Bryant, J.D., Douglas, S.J., and Mueller, P.A., 1995, Influence of
freshwater flux on *Sr/*Sr chronostratigraphy in marginal ma-
rine environments and dating of vertebrate and invertebrate fau-
nas: Journal of Paleontology, v. 69, p. 1—6.

Burke, W.H:, Denison, R.E., Hetherington, E.A., Koepnick, R.B.,
Nelson, H.F. and Otto, J.B., 1982, Variation of seawater ¥’St/*Sr
throughout Phanerozoic time: Geology, v. 10, p. 516—3519.

Christenson, R.L. and Lipman, PW., 1972, Cenozoic volcanism and
plate tectonic evolution of the western United States: II. Late
Cenozoic: Philosophical Transactions, Royal Society of Lon-
don, Series A., v. 271, p. 249—284.

Coleman, J.M. and Prior, D.B., 1980, Deltaic Sand Bodies: Ameri-
can Association Petroleum Geologists, Continuing Education
Course Note Series, No. 15,117 p.

Cox, A., 1980, Rotation of microplates in western North America, in
Strangeway. D.W., ed., The continental crust and its mineral de-
posits: Geological Society of Canada Special Paper 20, p. 305—
321.

DeLong, S.E., and Fox, P.J.. 1977, Geologic consequences of ridge
subduction, in, Talwani, M., and Pitman. W.C., IIL., eds., Island

T16 Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



arcs, deep sea trenches and back-arc basins: Washington, D.C.,
American Geophysical Union, p. 221—228.

DePaolo, D.J., 1986, Detailed record of the Neogene Srisotopic evo-
lution of seawater from DSDP site 590B: Geology, v. 14, p.
103—106.

DePaolo, D.J., and Ingram, B.L., 1985, High-resolution stratigraphy
with strontium isotopes: Science, v. 227, p. 938—941.

Dibblee, T.W., 1950, Geology of southwestern Santa Barbara County,
California: California Division of Mines Bulletin. 150, 95 p.

—— 1973, Stratigraphy of the southern Coast Ranges near the San
Andreas Fault, California:

Dickinson, W.R., Armin, R.A., Bekvar, N., Goodlin, T.C.. Janecke,
S.U., Mark, R.A., Norris, R.D., Radel, G., and Wortman, A.A.,
1987, Geohistory analysis of rates of sediment accumulation and
subsidence for selected California basins, in Ingersoll, R.V. and
Emst, W.G., eds., Cenozoic basin development of coastal Cali-
fornia, Rubey volume 6, Englewood Cliffs, N.J.Prentice-Hall,
p. 1—-23.

Dickinson, W.R., and Snyder, W.S., 1979a, Geometry of triple junc-
tions related to the San Andreas transform: American Associa-
tion of Petroleum Geologists Bulletin, v. 67, p. 624—645.

— 1979b, Geometry of subducted slabs related to the San Andreas
transform: Journal of Geology, v. 82, p. 609—627.

Edwards, L.N., 1971, Geology of the Vaqueros and Rincon Forma-
tions, Santa Barbara embayment, California: Santa Barbara,
Calif., University of California, Ph.D. thesis, Santa Barbara, 240p.

Engebretson, D.C., Cox, A., and Gordon, R.G., 1985, Relative mo-
tions between oceanic and continental plates of the Pacific Ocean:
Geological Society of America Special Paper 206, 59 p.

Haq, B.U., Hardenbol, J., and Vail, PR., 1987, Chronology of fluctu-
ating sea levels since the Triassic (250 millions years ago to
present): Science, p. 1156—1166.

Hopson, C.A., and Franco, C. J., 1977, Igneous history of the Point
Sal ophiolite, southern California: California Department of
Geology and Mineral Resources Buletin 95, 282 p.

Hopson, C.A., Mattinson, J.M., and Pessagno, E.A., 1981, Coast
Range ophiolite, western California, IN Ernst, W.G., ed., The
geotectonic development of California: Rubey volume 1:
Englewood Cliffs, N.J., Prentice-Hall, .

Homafius, J.S., 1985, Neogene tectonic rotation of the Santa Ynez
Range,western Transverse Ranges, California, suggested by pa-
leomagnetic investigation of the Monterey Formation: Journal
of Geophysical Research, v. 90, p. 12,502—12,522.

Howard, J.L., 1988, Paleoenvironments, provenance and tectonic
implications of the Sespe Formation, southern California: Santa
Barbara, Calif., University of California, Ph.D. dissertation, 306p.

——1995, Upper Paleogene conglomerates of the Sespe Formation
along the Santa Ynez fault: implications for the geologic history
of the eastern Santa Maria basin area, California, in Keller, M.A.,
ed., Evolution of sedimentary basins/onshore oil and gas investi-
gations — Santa Maria province: U.S. Geological Survey Bul-
letin 1995-H, 37 p.

Hunter, R.E., Clifton, H.E., and Phillips, R.L., 1979, Depositional
processes, sedimentary structures, and predicted vertical se-
quences in barred nearshore systems, southern Oregon coast:
Journal of Sedimentary Petrology, v. 49, p. 711—726.

Ingersoll, R.V., Ballard, T.F,, Ford, R.L., Grimm, J.P, Pickle, J.D.,
and Sares, S.W., 1984, The effect of grain size on detrital modes:
atest of the Gazzi-Dickinson point-counting method: Journal of
Sedimentary Petrology, v. 54, p. 103—116.

Keller, M.A., Tennyson, M.E., and Denison, R.E., in press, Stron-
tium isotope evidence for the age of the Vaqueros Formation and
latest Oligocene marine transgression in the northern Santa Maria
province, central California, in Keller, M.A., ed., Evolution of
sedimentary basins/onshore oil and gas investigations — Santa
Maria province: U.S. Geological Survey Bulletin 1995.

Kleinpell, R.M., 1980, The Miocene stratigraphy of California revis-
ited: American Association of Petroleum Geologists, Studies in
Geology No. 11. 349 p.

Lagoe, M.B., 1988, An outline of foraminiferal biofacies in the Soda
Lake Shale member, Vaqueros Formation, Cnyama Basin, in
Bazeley, W.J.M., ed., Tertiary tectonics and sedimentation in the
Cuyama Basin, San Luis Obispo, Santa Barbara, and Ventura
Counties, California: Pacific Section, Society of Economic Pa-
leontologists and Mineralogists, Publication 59, p. 21—27.

Lane, C.L., 1987, Provenance and petrology of Tertiary arkoses of
the Santa Monica Mountains, southern California: implications
for tectonic history: Los Angeles, Calif., University of Califor-
nia, Ph.D. thesis, 252 p.

Luyendyk, B.P., Kamerling, M.J., and Terres, R.R., 1980, Geometric
model for Neogene crustal rotations in southern California:
Geological Society of America Bulletin, v. 91, p. 211—217.

Luyendyk, B.P.,, Kamerling, M.J., Terres, R.R., and Hornafius, J.S.,
1985, Simple shear of southern California during Neogene time
suggested by paleomagnetic declinations: Journal of Geophysi-
cal Research, v. 90, p. 12,454—12,466.

Miles, G.A., and Rigsby, C.A., 1990, Lithostratigraphy and deposi-
tional environments of the Vaqueros and upper Sespe/Alegria
Formations, Hondo field, Santa Barbara Channel, California, in
Keller, M.A., and McGowen, M.K., eds., Miocene and Oligocene
petroleum reservoirs of the Santa Maria and Santa Barbara-
Ventura basins, California: Society of Economic Paleontologists
and Mineralogists, Core Workshop No. 14, p. 39—87.

Molnar, P, and Stock, J.M., 1985, A method for bounding uncertain-
ties in combined plate reconstructions: Journal of Geophysical
Research, v. 90, p. 12,537—12,544.

Nummendal, D., and Swift, D.J.P., 1987, Trangressive stratigraphy
at sequence-bounding unconformities: some principles derived
from Holocene and Cretaceous examples, in Nummendal, D.,
Pilkey, O.H., and Howard, J.D., eds., Sea-level fluctuations and
coastal evolution: Society of Economic Mineralogists and Pale-
ontologists, Special Publication No. 41, p. 241—260.

Pinkerton, J.C., and Rigsby, C.A., 1991, The Vaqueros and Rincon
Formations: a record of contemporaneous tectonic and eustatic
sea level changes [abs.]: Cordilleran Section, Geological Soci-
ety of America, 1991 Annual Meeting, Abstracts with Program,
p. 89.

Rigsby, C.A., 19884, Lithostratigraphy of the Vaqueros and adjacent
formations, in the Santa Ynez Ranges: a reevaluation in progress,
in Filewicz, M. V., and Squires, R.L., Paleogene geology of Cali-
fornia: Pacific Section, Society of Economic Paleontologists and
Mineralogists, Publication No. 58, p. 129—133.

—— 1988b, Depositional architecture of an active margin transgres-
sive sandstone: nearshore lithofacies of the Oligocene Vaqueros
Formation, southern Santa Barbara County, California [abs.], in
Field, M.E., and Clifton, H.E., eds., Shelf sedimentation: events
and rhythms, v. 1: Program and Abstracts, p. 36.

——1989a, Depositional environments, paleogeography, and tectonic
and eustatic implications of the Oligocene—Early Miocene Va-
queros Formation in the western Transverse Ranges, California:

Paleography of the Western Transverse Range Province, California T17



Santa Cruz, Calif., University of California, Ph.D. thesis, 144 p.
—— 1989b, Nearshore conglomerates of the Vaqueros Formation,

westernmost Santa Ynez Range, California [abs.]: American

Association of Petroleum Geologists Bulletin, v. 73, p. 550.

— 1994a, Deepening-upward sequences in Oligocene fan-delta
deposits, western Santa Ynez Mountains, California: Journal
of Sedimentary Research, v. B64, p. 380—391.

— 1994b, Strontium isotope geochronology of the Vaqueros For-
mation in the western Transverse Ranges, California [abs.]: Pa-
cific Section, Society for Sedimentary Geologists (SEPM),
Annual Meeting Abstracts.

Rigsby C.A., and Schwartz, D.E., 1990, Lithostratigraphy and depo-
sitional environments of the Vaqueros Formation, Capitan Field,
California, in Keller, M.A., and McGowen, M K., eds., Miocene

and Oligocene petroleum reservoirs of the Santa Maria and Santa
Barbara— Ventura basins, California: Society of Economic Pa-
leontologists and Mineralogists, Core Workshop No. 14, p. 88—
136.

Stanley, R.G., Valin, Z.C., and Pawlewicz, M.J., 1992, Rock-Eval
pyrolysis and vitrinite reflectance results from the outcrop
samples of the Rincon Shale (lower Miocene) collected at the
Tajiguas Landfill, Santa Barbara County, California: U.S. Geo-
logical Survey Open-File Report 92-571, 27 p.

Tillman, R.W., and Martinsen, R.S., 1984, The Shannon shelf-ridge
sandstone complex, Salt Creek anticline area, Powder River ba-
sin, Wyoming, in Tillman, R.W., and Siemers, C.T., ed.,
Siliclastic shelf sediments: Society of Economic Paleontolo-
gists and Mineralogists, Special Publication 34, p. 85—42.

T18 Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



Chapter U

Stratigraphy of the Fine-Grained Facies of the Sisquoc
Formation, Santa Maria Basin, California—
Paleoceanographic and Tectonic Implications

By PEDRO C. RAMIREZ and ROBERT E. GARRISON

U.S. GEOLOGICAL SURVEY BULLETIN 1995-U

EVOLUTION OF SEDIMENTARY BASINS/ONSHORE OIL AND GAS INVESTIGATIONS—
SANTA MARIA PROVINCE

Edited by Margaret A. Keller



CONTENTS

Abstract Ul

Introduction Ul

Lithologies, composition, sedimentary structures and depositional environments U2
Stratigraphy U4

Paleoceanographic and tectonic controls on Sisquoc sedimentation U9
Summary U13

References Cited U13

FIGURES

1.

2.
3.

b

10.
11.

Index map showing the fault-bounded Santa Maria basin and surface sections
studied U2

Typical exposure of the laminated Sisquoc formation in the Pedernales area U3
Mean abundances of detritus and biogenic silica in both the Monterey and Sisquoc
Formations, A, and Mean accumulation rates of silica and detritus in the Monterey
and Sisquoc Formations, B. U4

Diatom zones and species ranges used for this study US

Key to lithologic symbols used in figures 6, 7, 10, and 11 U6
Chronostratigraphic diagram and characteristic lithologies of the sections
examined U6

Correlation chart of the sections examined U7

Nodular phosphatic conglomerate marking the contact between the Monterey and
Sisquoc Formations, Mussel Rock section U8

Sedimentation rates for the measured sections U9

Eustatic sea level curve plotted with sections examined U11

Chronostratigraphic diagram of the Lompoc Hills, Lompoc Quarry and Sweeney
Road sections U12







































This suggestion of middle Neogene uplift is supported
by a number of studies indicating a late Miocene to
Pliocene phase of tectonic activity in the Santa Maria ba-
sin and the central California continental borderland in
general. Subsidence history plots for several borderland
basins depict a late Miocene to early Pliocene phase of
tectonic uplift (Dickinson and others, 1987). Furthermore,
Hornafius (1985), Luyendyk and Hornafius (1987), and
Luyendyk (1988) suggested a late Cenozoic (middle Mi-
ocene to Pliocene) phase of rotation of the Transverse
Ranges, which border the southern margin of the Santa
Maria basin. Any episode of rotation of the Transverse
Range would probably have also impacted the Santa Maria
basin. McCulloch and Lewis (1988) reported that strike-
parallel folds in the offshore central California margin
probably developed between approximately 5 to 3 Ma as a
result of an episode of compressional motion between the
Pacific and North American Plates. Porter (1932),
Woodring and Bramlette (1950), and Crawford (1971), cit-
ing the thinning of late Miocene and Pliocene units on an-
ticlinal ridges, suggested that many of the anticlinal ridges
in the Santa Maria basin probably formed in the late Mi-
ocene or early Pliocene. Moreover, Porter (1932), Dibblee
(1966), and Ingle (1981b) suggested that uplift of the Santa
Ynez Range, which bounds the southern portion of the
Santa Maria basin, may have occurred in the early Pliocene,
which is coincident with the onset of deposition of the
Sisquoc Formation. Additionally, Shepard and Emery
(1941) and Teng and Gorsline (1989) indicated that much
of the physiography of the present day borderland devel-
oped during late Miocene time, implying that late Miocene
tectonic activity was prevalent during deposition of the
Sisquoc. Barron (1992) also discusses the tectonic con-
trols on the Pliocene diatom record of California.

SUMMARY

Stratigraphic and sedimentologic information indi-
cates that both tectonism and oceanographic changes
played a major role in shaping the sedimentological trends
exhibited by the late Miocene and early Pliocene Sisquoc
Formation in the Santa Maria basin. A phosphatic conglom-
erate marking the Monterey-Sisquoc contact in the Mus-
sel Rock section is probably related to a eustatic sea level
change at about 6.3 Ma. The increased accumulation of
diatoms in the Sisquoc is probably related to changes in
circulation and coastal upwelling patterns in the late Mi-
ocene ocean, resulting from polar cooling that also caused
the growth of the Antarctic ice cap and led to an eustatic
sea level drop. Alternating massive and laminated units
were generated through small-scale variations in produc-
tivity and (or) sea level changes. Conglomerates in the
upper part of the Sisquoc were deposited during a sea level
rise and record evidence of significant erosion associated

with tectonic uplift of the basin margin. This evidence for
late Miocene and early Pliocene uplift is in accord with a
number of studies indicating an episode of tectonic activ-
ity at this time in the Santa Maria basin and in the Califor-
nia borderland in general.

REFERENCES CITED

Barron, J.A., 1975, Marine diatom biostratigraphy of the upper
Miocene-lower Pliocene strata of southern California: Jour-
nal of Paleontology, v. 49, no. 4, p. 619-632.

1976, Revised Miocene and Pliocene diatom biostratig-
raphy of upper Newport Bay, Newport Beach, California:
Marine Micropaleontology, v. 49, no. 1, p. 619-632.

———1981, Late Cenozoic diatom biostratigraphy and
paleoceanography of the middle-latitude eastern North Pa-
cific, Leg 63, Deep Sea Drilling Program, in Yeats, R.S., and
Hagq, B.U., eds., Initial Reports, Deep Sea Drilling Program,
Washington, D.C., United States Government Printing Of-
fice, v. 63, p. 507-538.

1986, Updated diatom biostratigraphy for the Monterey
Formation of California, in Casey, R.E., and Barron, J.A.,
eds., Microplankton studies of the Monterey Formation and
modern analogs: Pacific Section, Society of Economic Pale-
ontologists and Mineralogists, book 45, p. 105-120.

———1992, Paleoceanographic and tectonic controls on the
Pliocene diatom record of California, in Tsuchi, R., and Ingle,
J.C., Jr., eds., Pacific Neogene Environment, Evolution, and
Events: University of Tokyo Press, p. 25-41.

Barron, J.A., and Baldauf, J.G., 1986, Diatom stratigraphy
of the lower Pliocene Sisquoc Formation, Harris Grade
section, California: Micropaleontology, v. 32, no. 4, p.
367-381.

—-——1989, Tertiary cooling steps and paleoproductivity as
reflected by diatoms and biosiliceous sediments, in
Berger, W.H., Smetacek, V.S., and Wefer, G., eds., Pro-
ductivity of the ocean—present and past: Wiley and Sons,
p- 341-354.

———1990, Development of biosiliceous sedimentation in
the North Pacific during the Miocene and early Pliocene,
in Tsuchi, R., ed., Pacific Neogene events their timing,
nature and interrelationship: University of Tokyo Press,
p- 43-63.

Barron, J.A., and Ramirez, P.C, 1992, Diatom Stratigraphy of
selected Sisquoc Formation sections, Santa Maria Basin,
California: U.S. Geological Survey Open-File Report 92-197,
23 p.

Behl, R.J., and Ingle, J.C., this volume, The Sisquoc/Foxen
boundary in the Santa Maria Basin, California: A sedimen-
tary response to the new tectonic regime, in Keller, M.A.,
ed., Evolution of sedimentary basins and onshore oil and gas
investigation—Santa Maria province: U.S. Geological Sur-
vey Bulletin 1995

Berggren, W.A., Kent, D.V,, and Van Couvering, J.A., 1985, The
Neogene—part 2, Neogene geochronology and
chronostratigraphy, in Snelling, N.J., ed., The chronology of
the geological record: London, Memoirs of the Geological So-
ciety, no. 10, p. 211-260.

Stratigraphy of the Fine-Grained Facies of the Sisquoc Formation, Santa Maria Basin, California  U13



Brewster, N.A., 1980, Cenozoic biogenic silica sedimentation
in the Antarctic Ocean, based on two deep sea drilling sites:
Geological Society of America Bulletin, v. 91, p. 337-347.

Canfield, C.R., 1939, Subsurface stratigraphy of Santa Maria Val-
ley oil field and adjacent parts of Santa Maria Valley, Cali-
fornia: American Association of Petroleum Geologists
Bulletin, v. 23, p. 45-81.

California Division of Oil and Gas, 1974, California oil and gas
fieid—vol. 2, south, central coastal, and offshore California:
State of California, Sacramento, California.

Crawford, ED., 1971, Petroleum potential of Santa Maria province,
California, in Cram, 1.H., ed., Future petroleum provinces of
the United States—thesis geology and potential: American As-
sociation of Petroleum Geologists Memoir 15, p. 316-328.

Dibblee, T.W., Jr., 1966, Geology of the central Santa Ynez moun-
tains, Santa Barbara County, California: California Division
of Mines and Geology Bulletin 186, 99 p.

Dickinson, W.R., Armin, R.A, Beckvar, N., Goodlin, T.C,
Janecke, S.U., Mark, R.A., Norris, R.D., Radel, G., and
Wortman, A.A., 1987, Geohistory analysis of rates of sedi-
ment accumulation and subsidence for selected California
basins, in Ingersoll, R.V., and Ernst, W.G., eds., Cenozoic
basin development of coastal California, Rubey Vol. VI:
Prentice Hall, New Jersey, p. 1-23.

Dumont, M.P., 1984, Miocene/Pliocene epoch boundary from dia-
tom biostratigraphy in the Lompoc, California region [abs.]:
Abstracts with programs, 1984, 97th Annual Meeting, Geo-
logical Society of America, Reno, Nevada, no. 16, 496 p.

1986, The Miocene/Pliocene boundary as determined by

diatom biostratigraphy in the California coastal region: Uni-

versity of California, Berkeley, masters thesis, 114p.

1989, The Monterey Formation and biostratigraphy, ir Oil
in the Monterey Formation: American Geophysical Union, Field
Trip Guidebook T311, 28th International Geological Congress.

Dumont, M.P. and Barron, J.A., 1995, Diatom biochronology of
the Sisquoc Formation in the Santa Maria Basin and its
paleoceanographic and tectonic implications, in Keller, M.,
ed., Evolution of sedimentary basins and onshore 0il and gas
investigation—Santa Maria province: U.S. Geological Sur-
vey Bulletin 1995-K, 17p.

Garrison; R.E. and Ramirez, P.C., 1989, Conglomerates and brec-
cias in the Monterey Formation and related units as reflec-
tions of basin margin history, in Colburn, I.P., Abbott, P.C.,
and Minch, J., eds., Conglomerates in basin analysis: A sym-
posium dedicated to A.O. Woodford: Pacific Section, Soci-
ety of Economic Paleontologists and Mineralogists, v. 62, p.
189-206.

Govean, F.M., 1980, Some paleoecologic aspects of the Monterey
Formation, California: University of California, Santa Cruz,
Ph.D. dissertation, p. 278.

Govean, F.M. and Garrison, R.E., 1981, Significance of lami-
nated and massive diatomites in the upper part of the
Monterey Formation, California, in Garrison, R.E., and Dou-
glas, R.G., eds., The Monterey Formation and related sili-
ceous rocks of California: Pacific Section, Society of
Economic Paleontologists and Mineralogists Special Publi-
cation, p. 181-198.

Haq, B.U., Hardenbol J., and Vail, P.R., 1987, Chronology of
fluctuating sea levels since the Triassic: Science, v. 235, p.
1156-1166.

Henderson, N.C., Jr., 1983, Relationship of diagenetic dolomite to
depositional facies in diatomaceous strata, upper Sisquoc For-
mation, Casmalia Hills, Santa Barbara County, California: Uni-
versity of Southern California, masters thesis, 200 p.

Henderson, N.C., Jr., and Ramirez, P.C., 1990, Control exerted
by lithologic variations and pebbly units on petroleum oc-
currences in the Pliocene upper Sisquoc Formation, Casmalia
Hills, Santa Maria Basin, California, in Keller, M.A, and
McGowen, M.K., eds., Miocene and Oligocene petroleum
reservoirs of the Santa Maria and Santa Barbara Basins, Cali-
fornia: Pacific Section, Society of Economic Paleontologists
and Mineralogists Core Workshop Notes, p. 339-400.

Hornafius, J.S., 1985, Neogene tectonic rotation of the Santa Ynez
Range, western Transverse Ranges, California, suggested by
paleomagnetic investigation of the Monterey Formation:
Journal of Geophysical Research, v. 90, p. 12503-12522.

Ingle, J.C., Jr., 1981a, Origin of Neogene diatomites around the
north Pacific rim, in Garrison, R.E., and Douglas, R.G., eds.,
The Monterey Formation and related siliceous rocks of Cali-
fornia: Pacific Section, Society of Economic Paleontologists
and Mineralogists Special Publication, p. 159-180.

1981b, Cenozoic depositional history of the northern con-
tinental borderland of Southern California and the origin of
associated Miocene diatomite, in C.M. Isaacs ed., Guide to
the Monterey Formation in the California coastal area,
Ventura to San Luis Obispo: Pacific Section, American As-
sociation of Petroleum Geologists Special Publication, no.
52, p. 1-8.

Isaacs, C.M, 1980, Diagenesis in the Monterey Formation ex-
amined laterally along the coast near Santa Barbara, Cali-
fornia: Stanford University, Ph.D. dissertation, 329 p.

1981a, Outline of diagenesis in the Monterey Formation

examined laterally along the Santa Barbara coast, Califor-
nia, in C.M. Isaacs, ed., Guide to Monterey Formation in the

California coastal area, Ventura to San Luis Obispo: Pacific

Section, American Association of Petroleum Geologists Spe-

cial Publication, no. 52, p. 25-38.

1981b, Field characterization of rocks in the Monterey
Formation along the Coast near Santa Barbara, California,
in C.M., Isaacs, ed., Guide to Monterey Formation in the
California coastal area, Ventura to San Luis Obispo: Pacific
Section, American Association of Petroleum Geologists Spe-
cial Publication, no. 52, p. 39-53

———1981c¢, Lithostratigraphy of the Monterey Formation,
Goleta to Point Conception, Santa Barbara Coast, Califor-
nia, in C.M., Isaacs, ed., Guide to Monterey Formation in
the California coastal area, Ventura to San Luis Obispo: Pa-
cific Section, American Association of Petroleum Geologists
Special Publication, no. 52, p. 9-24

1983, Compositional variation and sequence in the Mi-

ocene Monterey Formation, Santa Barbara coastal area, Cali-

fornia, in Larue, C.K., and Steel, R.J., eds., Cenozoic marine
sedimentation, Pacific margin, U.S.A.: Society of Economic

Paleontologists and Mineralogists Special Publication, p.

117-132. .

1984, Hemipelagic deposits in a Miocene basin, Califor-

nia—toward a model of lithologic variation and sequence,

in Stow, D.A.V. and Piper, D.J.W.,, eds., Fine-grained sedi-
ments—deep-water processes and facies: Oxford, Blackwell

Scientific Publications, p. 481-486.

U14 Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



1985, Abundance versus rates of accumulation in fine-
grained strata of the Miocene Santa Barbara basin, California;
Geo-Marine Letters, v. 5, p. 25-30.

Leinen, M., 1979, Biogenic silica accumulation in the central equa-
torial Pacific and its implications for Cenozoic
paleoceanography: Geological Society of America Bulletin, v.
90, p. 1310-1376.

Luyendyk, B.P., 1988, Paleomagnetic study on Neogene rocks from
southern California: American Association of Petroleum Ge-
ologists Bulletin, v. 72, no. 3, p. 387.

Luyendyk, B.P., and Hornafius, J.S., 1987, Neogene crustal ro-
tations, fault slip, and basin development in southern Cali-
fornia, in Ingersoll, R.V., and Emnst, W.G., eds., Cenozoic
basin development in coastal California, Rubey Vol. VI:
Englewood Cliffs, New Jersey, Prentice-Hall Inc., p. 259-
283.

Mayewski, P.A., 1975, Glacial geology and Iate Cenozoic history
of the Transantarctic Mountains, Antarctica: Ohio State Uni-
versity, Columbus, Institute of Polar Studies, Report 56.

Mercer, J.H., 1976, Glacial history of southernmost South America,
Quaternary Research, v. 65, p. 125.

McCulloch, D.S., and Lewis, S.D., 1988, Geology of offshore cen-
tral California: American Association of Petroleum Geologists
Bulletin, v. 72, no. 3, p. 387.

Pisciotto, K.A., 1978, Basinal sedimentary facies and diagenetic
aspects of the Monterey Shale, California: University of Cali-
fornia, Santa Cruz, Ph.D. dissertation, 450 p.

Porter, W.W., 1932, Lower Pliocene in Santa Maria District, Cali-
fornia: American Association of Petroleum Geologists Bulle-
tin, v. 16, p. 135-142.

Ramirez, P.C., 1987, Sedimentary structures and depositional envi-
ronments of diatomaceous strata of the Sisquoc Formation, Santa
Maria area, [abs.]: American Association of Petroleum Geolo-
gists Bulletin, v. 71, p. 392.

1990, Stratigraphy, sedimentology, and paleoceanographic
implications of the Late Miocene to Early Pliocene Sisquoc For-
mation, Santa Maria area, California: University of California,
Santa Cruz, Ph.D. dissertation, 388 p.

Savrda, C.E., and Bottjer, D.J., 1986, Trace-fossil model for recon-

struction of paleo-oxygenation in bottom waters: Geology, v.

14, p. 3-6.

1987a, Trace fossils as indicators of bottom-water redox con-

ditions in ancient marine environments, in Bottjer, D.J., ed.,

New concepts in the use of biogenic sedimentary structures for

paleoenvironmental interpretations: Pacific Section, Society of

Economic Paleontologists and Mineralogist Field Trip Guide-

book, vol. 52, p. 3-26.

1987b, The exaerobic zone, a new oxygen-deficient marine
biofacies: Nature, v. 327, p. 54-56.

Schrader, H., and Baumgartner, T., 1983, Decadal variation of up-
welling in the central Gulf of California, in Thiede, J., and Suess,
E., eds., Coastal upwelling, part 2: Plenum Publishing Com-
pany, p. 247-276.

Shackleton, N.H., and Kennett, J.P., 1975, Paleotemperature his-
tory of the Cenozoic and the initiation of Antarctic glaciation:
Oxygen and carbon isotope analyses in DSDP sites 277, 279,
and 281, in Initial Reports, Deep Sea Drilling Program: Washing-
ton, D.C., U.S. Government Printing Office, v. 29, p. 743-755.

Stanley, R.G., Pawlewicz, M.J., Vork, D.R., Johnson, S.Y., and Valin,
Z.C., 1996, Petroleum source potential and thermal maturity of
the Lospe Formation (lower Miocene) near Point Sal, onshore
Santa Maria Basin, California, in Keller, M., ed., Evolution of
sedimentary basins and onshore oil and gas investigation—Santa
Maria province: U.S. Geological Survey Bulletin 1995-N.

Shepard, EP.,, and Emery, K.O., 1941, Submarine topography off
the California coast: Geological Society of America Special
Paper, no. 31, 171p.

Teng, L.S., and Gorsline, D., 1989, Late Cenozoic sedimentation in
California Continental Borderland basins as revealed by seis-
mic facies analysis: Geological Society of America Bulletin, v.
101 (1), p. 27-41.

Woodring, W.P., and Bramlette, M.N., 1950, Geology and paleon-
tology of the Santa Maria district, California: U.S. Geological
Survey Professional Paper 222, 185p.

Woodring, W.P., Bramlette, M.N. and Lohman, K.E., 1943, Stratig-
raphy and paleontology of Santa Maria district, Calif.: Ameri-
can Association Petroleum Geologists Bulletin, v. 27 (10), p.
1335-1360

Stratigraphy of the Fine-Grained Facies of the Sisquoc Formation, Santa Maria Basin, California  U15






Chapter V

The Sisquoc Formation—Foxen Mudstone Boundary
in the Santa Maria Basin, California: Sedimentary
Response to the New Tectonic Regime

By RICHARD J. BEHL and JAMES C. INGLE, Jr.

U.S. GEOLOGICAL SURVEY BULLETIN 1995

EVOLUTION OF SEDIMENTARY BASINS/ONSHORE OIL AND GAS INVESTIGATIONS—
SANTA MARIA PROVINCE

Edited by Margaret A. Keller



35°00'
PN
TN
iV
\VANY
NN
e
Shuman Cut
section
NN
Ra Wy
N
AN
Lompoc
34°30'

Z

ta Maria pasin
.. San argin

~~:Santa Maria

Harris Grade section

1\/-\.

Figure 1. Map of the onshore Santa Maria
basin and proximal portions of the
offshore basin. A, Locations of major
roads, towns, outcrops, and important
surface sections of the Pliocene Foxen
Mudstone. Foxen outcrop distribution
from Jennings (1959). B, Structures, oil
fields (shaded regions), and oil wells
(dots) mentioned in this report.
Abbreviations: OF = Orcutt field, CCF =
Careaga Canyon field. Section B-8',
reproduced in fig. 4, is from Namson and
Davis (1990).

P-0395 #1
/ /P-0396 #1

/ P-0425 #2

34°30

S 2y S ;S ZE X 2
3. Conoco Winters #12-2 i
Coastal Hunter Careaga #3 ™;
v

SANTA YNEZ MOUNTAINS

ta Mana pasin..
... San margin

™ N AN NS
NN NN NS
NN -

NS

| 120°30"

V2  Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province









Nomenclature and Significance of Siliceous
Rocks

This paper follows the field terminology for siliceous
rocks of Bramlette (1946) and Isaacs (1981). Chert is the
nearly pure siliceous rock that is hard, dense, fractures
conchoidally, and has a vitreous or waxy luster. Porcelanite
is the impure siliceous rock that is less hard, less dense,
and less vitreous than chert, and has a matte texture simi-
lar to that of unglazed porcelain. Disregarding carbonate
content, porcelanite typically contains 60-85 percent silica
(Isaacs, 1981), whereas chert contains >85 percent; most
vitreous cherts have between 95 and 99 percent silica (Behl
and Garrison, 1994). Classification of a diagenetic rock as
chert or porcelanite is independent of the polymorph of
silica present, so that either rock can be composed of opal-
CT or quartz-phase silica. For the stratigraphic sections
discussed herein, X-ray diffraction indicates that only opal-
CT phase authigenic silica is present in the upper part of
the Sisquoc Formation and the Foxen Mudstone.

Nearly all Phanerozoic chert and porcelanite formed
by the diagenesis of biogenic silica, which was originally
deposited as radiolarian tests, diatom frustules, or sponge
spicules (Garrison, 1974). With sufficient time or burial,
chert and porcelanite can form by one or two dissolution/
reprecipitation steps. First, biosilica (opal-A) transforms
to metastable opal-CT (cristobalite-tridymite), and second,
opal-CT converts to diagenetic quartz (Murata and Larson,
1975). The purest diatomaceous deposits tend to undergo
diagenesis from opal-A to opal-CT at much shallower
burial depths than more detrital-rich deposits (Isaacs, 1981;
Behl and Garrison, 1994). The Neogene deposits of much
of the Pacific Rim are characterized by their abundant di-
atomaceous sediments or their diagenetic descendants—
chert, porcelanite, and siliceous mudstone (Ingle, 1981).

STRATIGRAPHY OF THE FOXEN MUDSTONE
Vertical and Lateral Distribution

In the onshore Santa Maria basin, the lower to upper
Pliocene Foxen Mudstone overlies the upper Miocene and
lower Pliocene Sisquoc Formation, and is overlain by the
upper Pliocene Careaga Sandstone (Canfield, 1939;
Woodring and others, 1943; Woodring and Bramlette, 1950)
(fig. 2). Grain size and percent terrigenous material gener-
ally increase upsection from the Miocene Monterey For-
mation (which underlies the Sisquoc Formation) through
the youngest sediments (for example, the upper Pliocene
to lower Pleistocene Paso Robles Formation). These sedi-
mentologic trends are associated with gradual shoaling
(Canfield, 1939; Woodring and others, 1943; Woodring and
Bramlette, 1950; Ramirez, 1990; McCrory and others,
1995) and decreased flux of diatom frustules (Barron, 1986,

1992). The upsection increase in detritus dilutes the bio-
genic component and complicates the application of mi-
crofossil biostratigraphy and the construction of an
integrated chronostratigraphy (Barron, 1992). In spite of
the latter problem, it is clear that Foxen deposition occurred
during some part of the late-early [so-called middle(?)] to
late Pliocene (Canfield, 1939; Woodring and others, 1943).
Foxen strata display extreme lateral variation in thickness
and lithofacies in a northeast-southwest cross section across
the central Santa Maria basin (fig. 4). Subsurface syncli-
nal troughs accumulated up to 1,000 m of Foxen sediments
(Canfield, 1939), whereas anticlinal ridges (Pliocene
paleobathymetric highs) completely lack Foxen deposits
or contain presumably correlative condensed, sandy phos-
phatic sections only a few meters thick that are usually
included in the overlying Careaga Sandstone (Canfield,
1939; Woodring and others, 1943; Woodring and
Bramlette, 1950). Exposures of Foxen strata in the Santa
Maria basin are very limited (fig. 1 A). The thickest sur-
face sections, located on the northern slopes of the
Purisima and Casmalia Hills, are less than 300 m thick.
The Foxen thickens toward the axes of two paleotroughs
[the modern Santa Maria Valley and San Antonio-Los
Alamos synclines (fig. 1B)}, and seaward, to the west or
northwest (Canfield, 1939; Woodring and others, 1943;
Woodring and Bramlette, 1950). The Foxen may also be
present in the subsurface of the Santa Rita syncline to the
south, but we are unaware of any oil well penetrations to
confirm this conjecture (fig. 4).

The geometry and distribution of the Foxen Mudstone
(or its lithostratigraphic equivalents) are less well known
for the offshore Santa Maria basin than is the case for the
onshore basin, which has a much simpler structural archi-
tecture. This is, in part, because many fewer wells have
been drilled and, in part, due to the different structural fab-
ric (NNW. offshore versus WNW. onshore) and many
smaller fault blocks than onshore (Sorlein, 1994). Late
Neogene tectonic deformation and the consequent local ac-
cumulation and geometries of post- and syndeformational
sedimentary units also have slightly different histories and
timings between the onshore and offshore Santa Maria
basins (McCrory and others, 1995). As in the onshore ba-
sin, offshore deposits of the Foxen Mudstone or its ap-
proximate equivalents tend to thin over modern structural
highs and thicken into structural depressions (Clark and
others, 1991; Sorlein, 1994; McCrory and others, 1995).
Because most of the published studies of the offshore are
based on seismic stratigraphy, which relies upon stratal
discontinuities or unconformities to distinguish between
stratigraphic packages, the precise thickness and distribu-
tion of the lithostratigraphically equivalent Foxen Mud-
stone are not well known. Although this study focuses on
the onshore Santa Maria basin, electric logs, mud logs, and
well cuttings from a number of offshore wells were exam-
ined to establish that the lowermost hemipelagic Foxen
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Mudstone directly overlies the Sisquoc Formation in at least
a few sites in the offshore basin (described in a following
section).

Age of the Foxen Mudstone

Woodring and others (1943) and Woodring and
Bramlette (1950) assigned the Foxen Mudstone to the
middle(?) and uppér Pliocene on the basis of benthic fora-
minifers and molluscan fossils. The Foxen is considered
to be age-equivalent to Repettian Stage (lower Pliocene)
deep-water sediments in the offshore Santa Maria basin
(Dunham and others, 1991; McCrory and others, 1995),
but its provincial foraminiferal fauna cannot be strictly
assigned to the Repettian stage due to the absence of de-
fining marker species (M.L. Cotton-Thornton, 1992, oral
commun.). In any case, Foxen strata are younger than the
underlying strata of the Delmontian Stage in the upper part
of the Sisquoc Formation (Barron and Baldauf, 1986), and
these Delmontian floras and faunas are not younger than
4.0 Ma (Warren, 1980; see discussion in Barron and
Baldauf, 1986). Diatom assemblages from the lower part
of the Foxen at Harris Grade are early Pliocene in age
(Barron and Baldauf, 1986) and the conformable contact
with the underlying Sisquoc Formation here is extrapo-
lated to 3.8 Ma (Barron, 1992).

In the offshore Santa Maria basin, the base of Foxen
Mudstone-equivalent(?) strata is placed at the early-late
Pliocene unconformity, estimated at 3.4 Ma (Clark and oth-
ers, 1991). The total likely age range (4.0-3.4 Ma) for the
lower contact of the Foxen Mudstone reflects different meth-

section

ods of determination as well as the time-transgressive nature
of the Sisquoc Formation-Foxen Mudstone boundary (de-
scribed in a following section). Also of chronologic signifi-
cance is a warm-temperature planktonic foraminiferal biofacies
containing unusual abundances of Globorotalia crassaformis
and G. puncticulata present in the lower part of the Foxen
(above the basal facies) of the Standard Los Flores No. 1 well
(Ingle, 1985). This distinctive fauna can be correlated with a
well-established middle(?) Pliocene warm climatic episode
recorded in deep-sea and onshore sequences along the Pacific
Coast of North America (Ingle, 1977) that occurred between
approximately 4.0 and 3.2 Ma (Keller, 1979).

Dumont and Barron (1995) estimated that the uppermost
Sisquoc Formation in the Shuman Cut section of the Casmalia
Hills was deposited at approximately 5.0 Ma, apparently plac-
ing the formational contact considerably older than the other
estimates reviewed here. The age of the top of the Sisquoc
Formation is probably too old for initial Foxen Mudstone depo-
sition, as a significant gap in sedimentation is indicated by an
angular unconformity or by a bored, phosphatic hardground
at the top of the Sisquoc in all exposed or cored contacts in the
Casmalia Hills or adjacent Santa Maria Valley oilfield
(Canfield, 1939; Woodring and Bramlette, 1950). The contact
between the Sisquoc Formation and Foxen Mudstone is not
exposed in the Shuman Cut section, and up to 1.2 m.y. may be
missing in an undetected unconformity (Dumont and Barron,
1995).

The contact between the Foxen Mudstone and the
overlying Careaga Sandstone has received little attention
and is poorly constrained by biostratigraphy. Woodring and
Bramlette (1950) consider the macrofaunas of the upper
part of the Foxen and lower part of the Careaga (Cebada
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Figure 4. Regional cross section B-B' of Namson and Davis (1990) modified to show thickness of the Foxen Mudstone
based on information in Woodring and Bramlette (1950), AAPG (1959), and Crawford (1971). Note that the Foxen (Tf)
thickens in synclines and thins or disappears on anticlines. Heavy lines are faults; dotted lines are arbitrary structural
markers. Abbreviations: KJf, Franciscan Complex and Jurassic Coast Range Ophiolite; Tl, lower Miocene Lospe and Obispo
Formations; Tsr, middle to upper Miocene Point Sal and Monterey Formations; Ts, upper Miocene to lower Pliocene Sisquoc
Formation; Tf, Pliocene Foxen Mudstone; QTs, upper Pliocene Careaga Sandstone, Pliocene and Pleistocene Paso Robles

Formation, and Pleistocene Orcutt Sandstone.

V6 Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



Member) to be similar and assigned them both to the late
Pliocene. The upsection change from sandy mudstones of
the Foxen to the sand and gravel facies of the Careaga may
be the result of the global eustatic sea level fall at 3.0 Ma
and subsequent sea level oscillations (Haq and others, 1988;
cf. fig. 6 of this paper).

In summary, available biostratigraphic and
lithostratigraphic evidence from the Sisquoc Formation, Foxen
Mudstone, and Careaga Sandstone indicates that Foxen sedi-
ments were deposited during the early to late Pliocene, prob-
ably initiating no earlier than 4.0 Ma, but likely between 3.8
and 3.4 Ma, and continuing to approximately 3.0 Ma. This
age range for the Foxen Mudstone may not be consistently
applicable in distal offshore locations due to the time-trans-
gressive nature of the Foxen’s upper and lower boundaries
(Canfield, 1939) and slightly different deformational histo-
ries of small depocenters and adjacent local positive struc-
tures (Clark and others, 1991; Sorlein, 1994; McCrory and
others, 1995).

Lithology of the Foxen Mudstone
Surface Observations

Two stratigraphic sections of the Foxen Mudstone were
described by Woodring and Bramlette (1950) at Harris Grade
and Shuman Cut (fig. 1A). The Harris Grade section is ex-
posed in roadcuts of the old California Highway 1 on the north
slope of the Purisima Hills between Lompoc and Santa Maria.
At this location, the Foxen Mudstone conformably overlies
the Sisquoc Formation and is approximately 244 m thick
{Woodring and Bramlette, 1950). It consists chiefly of poorly
exposed, weathered mudstone and siltstone with widely spaced
dolostone beds and nodules. The mudrocks are notably diato-
maceous in the lower part and contain increasing amounts of
sponge spicules upsection. Dolostone horizons are not always
clearly exposed but can be inferred at many levels by accumu-
lations of dolostone fragments and nodules in the weathered,
disaggregated mudstone. Eighteen kilometers to the northwest,
the Shuman Cut section is exposed in a Southern Pacific Rail-
road cut adjacent to the Airox quarry on the north slope of the
Casmalia Hills (Casmalia section of Dumont and Barron,
1995). The Foxen Mudstone here is about 175 m thick and is
generally much coarser grained than in the Harris Grade sec-
tion, consisting of interbedded sandstone, siltstone, mudstone,
and dolostone. Sandstone beds are generally poorly sorted and
silty to coarse grained; many contain abundant bioclastic de-
bris, including foraminifer, echinoderm, mollusk, and barnacle
fragments (see measured section in Woodring and Bramlette,
1950). Smear slides of the mudrocks show abundant sponge
spicules, locally composing up to 50 percent of the siltstone
beds (by volume). Carbonate beds in both surface sections of
the Foxen are chiefly pure, dense, microsucrosic dolomite and
are more common than in the underlying, generally calcitic

Sisquoc Formation. The contact with the underlying Sisquoc
Formation is not exposed at the Shuman Cut section. At nearby
locations in similar positions on the north limb of the Casmalia
anticline, Woodring and Bramlette (1950) described a discon-
tinuous basal conglomerate containing chert and porcelaneous
shale clasts from the Monterey Formation and phosphatic nod-
ules that pipe down into borings or fractures in the underlying
Sisquoc Formation.

Subsurface Observations

In the subsurface of the onshore and offshore Santa Maria
basins, the rocks of the Sisquoc Formation and Foxen Mud-
stone are easily distinguished, and the depth of the formational
contact can be clearly identified in core or in cuttings (fig. 5).
The Foxen is chiefly composed of olive-brown to olive-green,
interbedded mudstone, siltstone, and fine-grained sandstone
(Canfield, 1939; Woodring and Bramlette, 1950). The mud-
stone of the lowermost Foxen is dark grayish- to yellowish-
brown, and when drilled in deeper parts of the basin it is well
indurated and forms hard, angular drill cuttings. Upsection, it
becomes increasingly sandy, uncemented, and grades in color
from brown to olive green. The underlying, upper part of the
Sisquoc is quite distinct from the Foxen; it is a more homoge-
neous deposit, composed mostly of light-gray, massive to
thickly laminated, silty diatomaceous claystone or silty clayey
diatomite. In most wells, the upper part of the Sisquoc is so
poorly indurated that, when drilled, >80 percent is crushed
into clay-size particles and dispersed in the circulating drill-
ing mud. This contrasts sharply with the better preservation of
the coarser grained, more indurated Foxen sediments.

Hemipelagic Strata of the Lowermost Foxen Mudstone

Canfield (1939) noted that in the deeper parts of the Santa
Maria Valley field, the lower part of the Foxen Mudstone con-
sists of “a hard chocolate-brown somewhat siliceous siltstone.”
Aside from that observation, the entire Foxen has been con-
sidered a siliciclastic lithologic unit (Woodring and others,
1943; Woodring and Bramlette, 1950; Natland, 1957; Namson
and Davis, 1990; Dunham and others, 1991). Our examina-
tion of drill cuttings from wells in the onshore and offshore
Santa Maria basin, however, finds a distinctive siliceous and
dolomitic lithofacies present at many locations. Because cores
are not available from this interval, and this lithofacies does
not crop out at the surface, the facies is known and described
solely from drill cuttings. Opal-CT phase siliceous mudstone,
porcelanite, chert, and dolostone occur at the base of the Foxen
Mudstone in the subsurface of the Careaga Canyon field and
beneath the San Antonio/Los Alamos Valley of the onshore
Santa Maria basin (fig. 1). Dolostone and less abundant diato-
maceous or opal-CT phase mudstone or porcelanite also oc-
cur in age-equivalent (Repettian to indeterminate Pliocene)
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sediments in the Lion Rock and Santa Maria Units (wells P-
0395 No. 1, P-0396 No. 1, and P-0425 No. 2) of the offshore
Santa Maria basin. As this study focuses on the onshore Santa
Maria basin, we have only confirmed the existence and have
determined the lithologic character of the basal hemipelagic
Foxen facies in the offshore basin. It may, in fact, be more
widespread in the offshore than indicated by the three wells
discussed here.

The hemipelagic (that is, siliceous and dolomitic) inter-
val of the basal Foxen Mudstone varies from 30 m to nearly
100 m in thickness, extending upward from the Sisquoc For-
mation—Foxen Mudstone contact. Although chiefly composed
of diatomaceous or siliceous mudstone, purer diagenetic
porcelanite and chert make up 5 to 30 percent of the cuttings
sampled from each 10 or 30 ft (~3 or 9 m) interval; dolostone
and limestone contribute another 5 to 20 percent. Mudstone
cuttings are variably siliceous, slightly phosphatic, and con-
tain scattered, poorly preserved foraminifers. The dark gray-
ish-brown to yellowish-brown mudstone grades
compositionally and texturally to porcelanite and chert. The
chert and porcelanite are composed of opal-CT phase silica
and are distinguished from mudrocks by their resinous luster,
smooth to slightly matte texture, conchoidal fracture, and red-
dish-brown color. All rock types locally display faint, thin (<1
mm thick) laminations; the drill cuttings are too small to ex-
hibit larger sedimentary structures.

The dolostone (rather than limestone) cuttings are
stratigraphically associated with the most siliceous intervals
and are the dominant nonsiliciclastic lithology in the basal
hemipelagic Foxen Mudstone in the offshore Santa Maria ba-
sin (wells P-0395 No. 1, P-0396 No. 1, and P-0425 No. 2).
The dolostone is composed of pure, dense, crystalline dolo-
mite, similar to the carbonates observed in surface exposures
of the Foxen at Harris Grade and Shuman Cut.

The Sisquoc Formation-Foxen Mudstone Boundary

In the Santa Maria Valley field the lowermost Foxen
Mudstone strata overlie the Sisquoc Formation with a slight
angular unconformity, which defines a transgressive surface
that becomes younger in the landward direction to the east
and north (Canfield, 1939). In shallower, more proximal parts
of the field, a thin, discontinuous basal conglomerate and
thicker, cross-bedded sandy siltstone (the Foxen “tar sand”)
mark the formational contact (Canfield, 1939). In outcrop ex-
posures on the northern slope of the Casmalia Hills, Woodring
and Bramlette (1950) described a basal Foxen conglomerate
containing phosphatic nodules, chert, and porcelanite clasts
from the Monterey Formation that overlies and pipes down
into the underlying, bored or fractured Sisquoc Formation.
Thus, throughout much of the Santa Maria basin, the basal
Foxen is marked either by a coarse-grained facies in proximal
or ridge flank locations, or by hemipelagic (siliceous/dolo-
mitic), detritus-poor strata in distal, synclinal locations; these

two facies may represent different relative bathymetric and
structural positions in the early Pliocene basin. Very thin lay-
ers (<1 cm) of sand (observed in cuttings and accidental cores
while removing metal “junk” from wells) are locally associ-
ated with the bottom of the basal siliceous strata. These may
be distal lithostratigraphic equivalents to the proximal Foxen
“tar sand.” Wherever it is observable in core or outcrop, the
Sisquoc Formation—Foxen Mudstone contact is marked by an
unconformity, with the only known exception being the Har-
ris Grade section (Barron and Baldauf, 1986; Dumont and
Barron, 1995).

The Sisquoc Formation-Foxen Mudstone contact is eas-
ily recognized in the subsurface by geophysical well logs (fig.
5). The Sisquoc is characterized by a nearly invariant “shale
baseline” in the spontaneous potential and deep induction logs,
whereas gamma-ray logs show limited activity due to minor
compositional variation. The lower part of the Foxen is identi-
fied by sharply increased and more variable gamma-ray and
induction logs, and a negative shift with more activity in spon-
taneous potential logs.

In the central onshore basin, Foxen Mudstone sediments
are more organic-rich than in the underlying upper part of the
Sisquoc Formation (fig. 6). In the Union Hobbs No. 22 well
in the Orcutt field, Isaacs and others (1990) report analyses
indicating that the weight percent of total organic carbon
(TOC) of bulk cuttings increases from 0.7—4.4 percent (1.6
percent average) in the Sisquoc to 8.1-17.2 percent (11.2
percent average) in the Foxen Mudstone. In the Careaga
Canyon field to the south, we measured a similar, but
smaller, increase in organic content across the formational
boundary in the Coastal Hunter Careaga No. 3 well. Cut-
tings from the uppermost 30 m (100 ft) of the Sisquoc For-
mation contain 1.1-1.3 percent TOC (1.2 percent average),
whereas TOC of the basal Foxen siliceous mudstone,
porcelanite, and dolostone is three times greater (3.3-4.1
percent, 3.7 percent average). The lower TOC values from
the siliceous basal Foxen in the Coastal Hunter Careaga No.
3 reflect the typically inverse relationship between biogenic
silica and organic content in the Neogene rocks of Califor-
nia (Isaacs, 1984). Differences in average TOC between
the two wells are also likely influenced by their deposi-
tional and structural settings in that the Hobbs No. 22 well
is located on a structural high that largely developed since
deposition of the lower Foxen, whereas the Hunter Careaga
No. 3 well is located on the southern flanks of the struc-
ture in what was originally a thick, synclinal section
(Namson and Davis, 1990).

Biofacies and Paleoenvironments

Five of the core samples analyzed from the Standard Los
Flores No. 1 well span the upper part of the Sisquoc Forma-
tion and the lower part of the Foxen Mudstone. Although we
have no samples from directly above or below the formational
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boundary, contrasting foraminiferal biofacies indicate a dis-
tinct change in paleobathymetry and paleoenvironment be-
tween deposition of the upper part of the Sisquoc and the
lowermost Foxen (fig. 3).

Benthic foraminifers reported from the Sisquoc Forma-
tion by Woodring and Bramlette (1950), Natland (1957), and
Ingle (1985) indicate that the lower and middle portions of
this unit were deposited in upper middle bathyal (500-1,500
m) to upper bathyal (150-500 m) slope environments. Upper
bathyal biofacies containing high abundances of
Globobulimina pacifica also characterize the upper Sisquoc
sediments analyzed from the Los Flores No. 1 well. However,
these latter faunas are replaced by dominantly shelf-edge and
shelf biofacies in the youngest Sisquoc samples, indicating
that water depths shoaled from ~500 m to ~100 m during depo-
sition of the uppermost Sisquoc (fig. 3). In contrast, an upper
bathyal biofacies characterized by high abundances of the stri-
ate-costate species Uvigerina foxenensis is present in basal
Foxen sediments, indicating that water depth abruptly increased
to ~500 m coincident with, or shortly after, the initiation of
Foxen Mudstone deposition in the Cat Canyon area. Similar
patterns of contrasting benthic biofacies and lithofacies char-
acterize the Sisquoc Formation—Foxen Mudstone boundary
elsewhere in the Santa Maria basin (Woodring and Bramlette,
1950) and clearly point to an episode of rapid deepening to
bathyal water depths (~500-600 m) during early Foxen depo-
sition (McCrory and others, 1995). Subsequent Foxen deposi-
tion involved gradual shoaling as shown by the widespread
appearance of shelf biofacies followed by deposition of coarse
Careaga sediments containing littoral foraminifers and
megafaunas that marked the termination of marine deposition in
the onshore Santa Maria basin (Canfield, 1939; Woodring and
Bramlette, 1950; Natland, 1957; McCrory and others, 1995).

CONTROLS OF SEDIMENTATION

The lithologic contrast between the Sisquoc Formation
and the Foxen Mudstone has previously been interpreted to
reflect the upward-shallowing from slope to outer-shelf depo-
sitional environments (Natland, 1957; Ramirez, 1990). The
data presented in this paper suggest that instead of simple shoal-
ing of a prograding clastic wedge, deposition of Sisquoc and
Foxen sediments took place over a sea floor with increasing
relief and lateral variation in environment (Canfield, 1939;
Woodring and others, 1943; Woodring and Bramlette, 1950;
Ramirez, 1990). This increasingly complex bathymetry prob-
ably developed as the Santa Maria basin and the rest of the
Neogene borderland were deformed in response to a major
change in relative plate motion from transform to transpression
across the California segment of the Pacific-North American
plate boundary. This change in plate vectors was originally
proposed to have occurred at about 3.9-3.4 Ma (Harbert and
Cox, 1989; Harbert, 1991) but recently has been shifted back
to ~5—-6 Ma (Cande and others, 1992; D. Wilson, 1994, oral

commun.). Evidence for extreme lateral changes in facies and
stratigraphic thickness in the lower part of the Foxen com-
bined with sharply increased water depths at some locations
indicate that tectonic deformation accelerated abruptly in the
onshore Santa Maria basin near the beginning of Foxen depo-
sition at approximately 3.8 Ma.

Sedimentation in marginal marine settings is primarily
regulated by the interaction of sea level, oceanography, and
tectonism (for example, see Doyle and Pilkey, 1979; Barron,
1986). The rate of siliciclastic sedimentation or erosion, for
example, depends chiefly on topographic/bathymetric gradi-
ents and base levels controlled by local tectonics and relative
sea level. The rate, kind, and preservation of biogenous,
hemipelagic sedimentation depends on the characteristics of
the overlying water column. Whereas the production of diato-
maceous sediments offshore of California is directly related
to the upwelling of nutrient-rich intermediate waters, the pres-
ervation of organic matter and early diagenesis of sediments
are influenced additionally by bottom-water composition. In
the Pliocene Santa Maria basin, depositional trends in the
Sisquoc Formation and Foxen Mudstone were apparently in-
fluenced to a greater degree by tectonism than by eustatic or
large-scale paleoceanographic events (Ramirez, 1990; Barron,
1992; Ramirez and Garrison, this volume). In the following
sections we address the paleoceanography, sea level record,
and tectonic setting of the lowermost Foxen.

Paleoceanography and Eustatic Sea Level

Deposition of the lower part of the Foxen Mudstone above
the hemipelagic facies can be correlated to a well-dated oceano-
graphic/climatic event, thus providing some constraint to the
timing and setting of the basal Foxen siliceous facies. Plank-
tonic foraminiferal biofacies at Deep Sea Drilling Project
(DSDP) Site 173 off of northern California indicate a warm-
ing of surface waters at about 4 Ma (Keller, 1979), and both
planktonic assemblages and oxygen isotopes indicate a return
to colder surface waters at about 3.2 Ma (Shackleton and
Opdyke, 1977; Keller, 1979). This warm interval is part of a
widespread mid-latitude climatic event documented across the
Pacific Ocean (Keller, 1979; Kennett, 1986). Although fora-
minifera cannot be extracted from the siliceous rocks of the
basal Foxen, overlying strata of the lower Foxen, some 400 m
above the formational boundary in the Los Flores No. 1 well,
contain the distinctive planktonic foraminiferal biofacies of
the middle Pliocene warm event, indicating that the basal Foxen
strata were deposited prior to the termination of the warm event
at 3.2 Ma.

The episode of middle Pliocene warming also corresponds
to alonger interval of decreased production and (or) poor pres-
ervation of diatoms (4.8-2.6 Ma) at a number of DSDP sites
offshore of California (Sites 173, 467, and 469) (Barron, 1992).
Because upwelling and productivity along the California mar-
gin are largely driven by the strength of the cool, southward-
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flowing California Current (Sverdrup and others, 1942; Hickey,
1979; Gorsline and Teng, 1989), Barron (1992) argues that
the poor diatom record reflects high-latitude warming and the
weakening or narrowing of the eastern boundary current.
Therefore, although diatom sedimentation continued until the
late Pliocene in a few locations (for example, the Santa Maria
basin; Barron, 1992), general conditions along the Pliocene
California margin were not conducive for widespread produc-
tion and accumulation of biosiliceous sediments.

The record of Pliocene eustatic sea level (as indicated by
seismic sequence stratigraphy) shows a series of sea level
lowerings and lesser sea level rises during an overall regres-
sive trend from an early Pliocene highstand (Haq and others,
1988; fig. 6). The Pliocene highstand lasted over 1.2 m.y., from
~5 Ma to 3.8 Ma, and included a minor sea level dip at 4.2
Ma. The highstand was terminated by a sharp fall at 3.8 Ma,
followed by others at 3.0 Ma and 2.4 Ma (Haq and others,
1988). The overall trend reflects the growth of the Antarctic
ice sheet and the establishment of northern hemisphere conti-
nental glaciation after 2.6-2.4 Ma (Kennett, 1986). As the entire
Foxen Mudstone was probably deposited between 3.8 Ma and
3.0 Ma (fig. 6), the siliceous strata of the basal Foxen were
likely deposited entirely during the early Pliocene lowstand
(3.8-3.4 Ma) proposed by Haq and others (1988). Although it
is possible that Foxen deposition began as early as 4.0 Ma
(see previous discussion of age) in the midst of the early
Pliocene highstand, the abrupt and distinct changes in lithol-
ogy (for example, color, TOC, grain size, and composition)
suggest that the depositional environment changed just as
markedly, such as across a major drop in eustatic sea level.

Tectonics

The Neogene Santa Maria basin and the California bor-
derland developed within a zone of transform deformation
between the Pacific and North American plates (Atwater, 1970,
1989; Blake and others, 1978). Initial tectonic subsidence in
the Santa Maria basin took place within a broad strike-slip to
transtensional plate margin between about 17.5 Ma and 6.0
Ma (Blake and others, 1978; Atwater, 1989; McCrory and oth-
ers, 1995). Regional tectonic stresses changed in the latest
Miocene and early Pliocene (Ingle, 1980), possibly in response
to the eastward jump of the plate boundary from the base of
the continental slope to the San Andreas Fault in southern and
Baja California at 5.5 Ma (Sedlock and Hamilton, 1991); this
new configuration created a restraining margin geometry and
initiated a component of compressive shear in many southern
and central California basins (Atwater, 1989). The resulting
deformation and localized uplift contributed to high terrig-
enous sedimentation rates during deposition of the Sisquoc
Formation (Ramirez, 1990; Barron, 1992; Ramirez and Garri-
son, this volume). In the late Miocene to early Pliocene, rela-
tive motion between the Pacific and North American plates
along the California coast rotated 14° clockwise, evolving from

chiefly transform to transpressive motion (Harbert and Cox,
1989; Harbert, 1991). This transpressional regime continues
to the present day in the Santa Maria basin (Feigl and others,
1990).

Although originally dated as early Pliocene (~3.9-3.4
Ma; Harbert and Cox, 1989; Harbert, 1991), the tectonic reor-
ganization is now thought to have initiated as early as 6-5 Ma
(Cande and others, 1992; Wilson, 1993). In fact, the onset of
crustal shortening at different locations across the central Cali-
fornia margin during the late Neogene was markedly
diachronous (McCrory and others, 1995; C. Sorlein, 1995, oral
commun.). Yet, throughout the California borderland, lateral
variations in formational thickness and facies provide com-
pelling evidence for the Pliocene deformational phase (Ingle,
1980). Canfield (1939), Woodring and others (1943), and
Woodring and Bramlette (1950) proposed that the modern
anticlines of the Santa Maria basin began to develop during
Foxen deposition, controlling the distribution of the thick syn-
clinal deposits and the thin or absent anticlinal sections. This
hypothesis is further substantiated by balanced structural cross-
sections across the onshore Santa Maria basin which also sug-
gest that regional compression commenced during deposition
of the Foxen [estimated by Namson and Davis (1990) as 4.0—
2.0Ma]. Pliocene deformation is also demonstrated by a promi-
nent, widespread early to late Pliocene angular unconformity
in the offshore Santa Maria basin, placed at the boundary be-
tween the Sisquoc Formation and Foxen-equivalent strata,
(Page and others, 1979; Crain and others, 1987; Clark and
others, 1991). Clark and others (1991) placed the unconformity
and the base of the “Foxen” at ~3.4 Ma. The distinctly dolo-
mitic and siliceous hemipelagic Foxen facies directly overlies
the Sisquoc Formation in at least three wells from the off-
shore Santa Maria basin (P-0395 No. 1, P-0396 No. 1, and P-
0425 No. 2; fig. 1).

Namson and Davis (1990) suggest that much of the sur-
face and shallow deformation across the onshore Santa Maria
basin reflects thrusting along a deep, blind, north-vergent, low-
angle detachment surface—the Purisima—Solomon Thrust—
somewhat modified by shallower, high-angle normal and
reverse faults (figs. 4, 7). The Lompoc—Purisima anticlinal
trend is interpreted as a fault-bend fold that overlies the deep
ramp of the Purisima—Solomon Thrust and the Casmalia—
Orcutt anticlinal trend as a fault-propagation fold at the shal-
low, leading edge of the blind thrust. In this scenario, southward
tilting and subsidence of the Santa Maria Valley syncline re-
sulted from downdropping and rotation of hanging wall blocks
on the north flank of the Casmalia—Orcutt anticline, and by
tectonic loading of the footwall (foreland). The San Antonio—
Los Alamos syncline is located between the ramps underlying
the two anticlinal trends and is shaped by the converging limbs
of the Casmalia—Orcutt anticline to the north and the Lompoc—
Purisima anticline to the south (fig. 7). As the hanging wall
strata in the San Antonio~Los Alamos syncline have been trans-
ported past the Lompoc-Purisima ramp, their fault-related
motion has been entirely horizontal (fig. 7). In the Santa Maria
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basin, the uplifted, structurally thickened anticlines are closely
spaced with a wavelength of about 15 km. Locations such as
the San Antonio—Los Alamos and Santa Maria Valley synclines,
which were not actively growing upward during compressional
shortening but were adjacent to structurally thickening sec-
tions, would likely experience isostatic subsidence in response
to the increased tectonic load rigidly supported across the ba-
sin (fig. 7).

INTERPRETATION

We propose that the Sisquoc Formation~Foxen Mudstone
boundary coincides with the onset or acceleration of crustal
shortening and the development of marked bathymetric relief
in the Santa Maria basin. Although growth of anticlinal ridges
and synclinal troughs may have begun during Sisquoc deposi-
tion in the latest Miocene and earliest Pliocene (Ramirez, 1990;
Sedlock and Hamilton, 1991) in concert with the initiation of
a transpressive relationship between the Pacific and North
American Plates, topographic relief increased dramatically
with the local acceleration of compressional thrust faulting in
the late early Pliocene (3.8-3.4 Ma) along new and reacti-
vated faults striking to the west and northwest from the south-
eastern corner of the basin (Namson and Davis, 1990).

Canfield (1939) showed that the base of the Foxen Mud-
stone in the synclinal axis of the Santa Maria Valley field is a
transgressive surface, yet the eustatic sea-level curve of Haq

CAAAAAAN

and others (1988) shows a sea level fall and lowstand from 3.8
Ma to 3.4 Ma during deposition of the lower part of the Foxen.
Concurrently, benthic foraminiferal biofacies [for example,
Standard Los Flores No. 1 well (fig. 3) and in Woodring and
Bramlette (1950)] document a significant increase in water
depth coincident with deposition of basal Foxen sediments
(fig. 6). These data show that water depth increased from outer
neritic (100-150 m) during deposition of the upper part of the
Sisquoc Formation to upper bathyal depths (~500 m) during
deposition of the lower part of the Foxen, before the global
eustatic sea level rise at 3.4 Ma. We infer that local transgres-
sion and increased water depth resulted from subsidence of
synclinal areas that outpaced the eustatic sea level fall. Exag-
gerated relief or bathymetric gradients are suggested by the
coarsening-upward trend from the fine-grained upper part of
the Sisquoc into the silty sand and conglomerates found in the
basal Foxen in some portions of the Santa Maria Valley Field
(Canfield, 1939; Woodring and Bramlette, 1950). At the same
time that thick Foxen deposits accumulated in subsiding
troughs, sediments were winnowed from anticlinal highs and
little or no sediment accumulated there (Woodring and others,
1943; Woodring and Bramlette, 1950). Accelerated subsid-
ence of the Santa Maria Valley and San Antonio—Los Alamos
synclines was likely due to rigid isostatic compensation for
the thrust-related structural thickening throughout the Santa
Maria basin; the synclines plummeted while the Lompoc-
Purisima and Casmalia-Orcutt anticlines continued to be up-
lifted over their respective subsurface thrust ramps.
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Figure 7. Structural model of section 8-B’ (figs. 1, 4) of compressional structures of the onshore Santa Maria basin.
Modified from Namson and Davis (1990) to show regions of thrust ramp-related uplift and regions of tectonic load
subsidence. Arrows with balls show vectors of blocks with thrust-related uplift and those with purely horizontal motion.
Blocks with strictly horizontal fault motion would be expected to display tectonic load subsidence by increased

paleobathymetry until filled by rapid sedimentation.
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The siliceous component of the hemipelagic facies of the
basal Foxen Mudstone could express increased diatom pro-
ductivity or decreased dilution of pelagic sediments by terrig-
enous siliciclastics, or both. Planktonic biofacies and the
oxygen-isotope record indicate that surface waters of the late
early Pliocene California margin were too warm, and the Cali-
fornia Current too weak, to reflect vigorous upwelling and
diatom productivity and preservation (Shackleton and Opdyke,
1977, Keller, 1979; Kennett, 1986; Barron, 1992). It is more
likely that the local transgression induced by tectonic load
subsidence of the late early Pliocene Santa Maria Valley and
San Antonio-Los Alamos troughs sequestered terrigenous
detritus near the shoreline, resulting in the slow accumulation
of relatively pure, hemipelagic, siliceous Foxen sediments in
the newly subsiding troughs. Thus, the basal Foxen cherts and
porcelanites primarily record a tectonic signal—the tectonic
load subsidence of localized depositional troughs due to com-
pressional thrust faulting. In this sense, the tectonic and rela-
tive sea level control of sedimentation in the basal Foxen is
quite similar to the factors responsible for the deposition of
the detritus-poor, biosilica-rich Miocene Monterey Formation
(Isaacs, 1984), but for a much briefer interval (~0.5 m.y. for
the Foxen, as compared to ~12 m.y. for the Monterey)

The presence of numerous dolostone horizons within the
lowermost Foxen Mudstone similarly attests to siliciclastic
starvation and slow sedimentation rates. Within organic-rich
sediments, dolomite precipitation may be initiated or acceler-
ated during pauses in sedimentation when sulfate and meth-
ane can continuously diffuse to the high-alkalinity zone of
anoxic methane oxidation (Middelburg and others, 1990).
Accordingly, many dolostone horizons in hemipelagic sedi-
mentary sequences are representative of condensed sedimen-
tation and parasequence boundaries (Grimm, 1992; L. White
and R. Garrison, 1992, oral commun.). Therefore, the pres-
ence of numerous dolostone beds and nodular horizons in
the lowermost Foxen suggests siliciclastic sediment star-
vation and decreased sedimentation rates during the local
transgression caused by rapid tectonic subsidence of depo-
sitional troughs.

Comparison between sediments from the upper part of
the Sisquoc Formation and the lowermost hemipelagic Foxen
Mudstone indicates that the formational contact marks an en-
vironmental change from oxygenated to oxygen-deficient
waters. In the subsurface, the diatomaceous siltstones and
claystones of the upper part of the Sisquoc are light colored
and massive to weakly banded, whereas siliceous rocks of the
lowermost Foxen are dark colored and thinly laminated. Fur-
thermore, the Foxen mudrocks are slightly phosphatic, whereas
strata from the upper part of the Sisquoc are not. Upper Sisquoc
sediments from the Coastal Hunter Careaga No. 3 well have
low total organic carbon (1.1-1.3 percent), probably reflect-
ing active bioturbation under oxygenated waters, whereas the
dark-brown color, laminations, phosphate, and higher TOC
(3.3-4.1 percent) of the lowermost Foxen sediments all sug-
gest deposition within oxygen-deficient conditions (fig. 6).

Faunal evidence gives minor substantiation to the hypoth-
esis of low-oxygen conditions during deposition of the lower-
most Foxen Mudstone. No megafossils have been found from
the lower part of the Foxen, whereas the upper part of the
Sisquoc Formation contains abundant molluscan body fossils
and molds (Woodring and others, 1943). This evidence sug-
gests that larger invertebrates common in the shelf-depth up-
per Sisquoc sediments were excluded from lower Foxen
sediments as synclinal troughs deepened enough (~500 m) to
intercept oxygen-depleted upper intermediate waters.

SUMMARY

Plate tectonic reorganization in the late Miocene to early
Pliocene shifted the Californian Pacific-North American Plate
margin from a transform to transpressive tectonic regime.
Crustal shortening within the onshore Santa Maria basin initi-
ated or accelerated at 3.8-3.4 Ma, producing a dynamic relief
of high-standing bathymetric ridges separated by low-lying
synclinal troughs during deposition of the Pliocene Foxen
Mudstone. A distinct change in sedimentation patterns across
the Sisquoc Formation—Foxen Mudstone boundary was prin-
cipally controlled by this tectonism. Rapid tectonic subsid-
ence of the Santa Maria Valley and San Antonio—Los Alamos
synclines is locally marked by angular unconformities in the
subsurface, by paleobathymetric deepening from outer neritic
(100-150 m) to lower upper bathyal environments (~500 m),
and by the accumulation of biosiliceous and dolomitic sedi-
ments in the synclinal troughs. Biostratigraphic data from the
lower part of the Foxen in the Standard Los Flores No. 1 well
unequivocally demonstrate that water deepened to 500-600
m before the global eustatic sea level rise at 3.4 Ma, indicat-
ing that synclinal subsidence was tectonically driven. The purer
siliceous strata of the basal Foxen apparently resulted from a
decrease in terrigenous input due to local transgression dur-
ing a period of global eustatic sea level fall, rather than from
an increase in diatom productivity and accumulation. Thick
sequences of lower Foxen sediments accumulated only in sub-
siding synclinal troughs, which were initially semi-isolated
and probably held oxygen-deficient waters. This environment
is reflected in the dark-brown color, higher TOC, laminations,
phosphate, dolomite, and lack of megafauna in the hemipelagic
facies of the basal Foxen.
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