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Volcanic Rocks of the Santa Maria Province, California

By Ronald B. Cole' and Richard G. Stanley

ABSTRACT

Volcanic and intrusive rocks within the Santa Maria
province of central California comprise two age groups
(28-23 Ma and 20-16 Ma) that record at least two sepa-
rate episodes of crustal extension or transtension. These
episodes occurred during a transition from a convergent
to a transform plate boundary in western California as
segments of the Farallon-Pacific spreading ridge inter-
sected the continental margin in the vicinity of the Santa
Maria province. The source for the volcanic and intru-
sive rocks included basaltic upper-mantle-derived mag-
mas (similar to mid-ocean ridge basalt magmas) that
melted and assimilated silicic crustal rocks to form a bi-
modal igneous suite.

Santa Maria province volcanic units include subaerial
and subaqueous acidic pyroclastic flow deposits, pyro-
clastic fallout deposits, basaltic breccias, volcaniclastic
turbidites, and various basaltic flows. Felsic and mafic
intrusive rocks are also present within the Santa Maria
province. Based on a combination of surface and subsur-
face data, the thickness of lower Miocene volcanic rocks
ranges from zero in much of the central Santa Maria prov-
ince (including the Santa Maria basin) to more than 4,900
feet (1,490 meters) in places along the margins. Major
eruptive centers identified on the basis of volcanic fa-
cies, thickness of volcanic units, paleoflow data, and
paleobathymetry were most likely present in the north-
ern and southern parts of the Santa Maria province along
the Santa Maria River and Santa Ynez River Faults, re-
spectively. These eruptive centers probably coincided with
zones of extension that resulted from clockwise rotation
of the western Transverse Ranges and slivering of the Santa
Maria basin by northwest-trending faults. Eruptive cen-
ters for Santa Maria volcanism may also have been along
the Hosgri Fault Zone in the present offshore Santa Maria
basin, where reported lower Miocene volcanic rocks in
the subsurface locally exceed 900 feet (274 meters) in
thickness.

INTRODUCTION

The Santa Maria province of central California con-
tains several middle Tertiary volcanic units that provide

'Department of Geology, Allegheny College, Meadville, PA 16335.
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regional and local stratigraphic marker horizons in
petroliferous sedimentary basins, including the onshore and
offshore Santa Maria basins (fig. 1). Volcanism and co-
eval basin development in the Santa Maria province were
coincident with a transition from convergent to transform
plate boundaries along western California as segments of
the Farallon-Pacific spreading ridge intersected North
America (Atwater, 1970, 1989). This paper summarizes
and combines existing data with new information on the
stratigraphy, distribution, depositional histories, geochem-
istry, and tectonic implications of Santa Maria province
volcanic units. This information is important for under-
standing the relations between middle Tertiary volcanic
events, basin development, and tectonism in west-central
California.

Volcanic rocks have long been recognized and mapped
within the Santa Maria province (for example, Woodring
and Bramlette, 1950; Dibblee, 1950, 1966, 1988a,b, 1989;
Hall and Corbaté, 1967; Vedder and others, 1967, 1994,
Hall, 1973, 1978, 1982; Ernst and Hall, 1974; Hall and
others, 1979; McLean, 1994). Within this area more than a
dozen separate volcanic units have been identified, with
exposures that range from small outcrops of tens to hun-
dreds of square meters to regional outcrop belts extending
for tens of kilometers (fig. 1). The volcanic units, some of
which are not yet formally named, include a wide array of
mafic and felsic lavas and pyroclastic deposits that are
interbedded with nonmarine and marine sedimentary rocks.
The volcanic rocks overall preserve a history of diverse
eruption styles and deposition around several eruptive cen-
ters within the Santa Maria province. Hall and others
(1966), Fisher (1977), and Surdam and Hall (1984) dis-
cuss aspects of the Obispo Formation, one of the larger
volcanic units in the region, which includes a diverse as-
semblage of mafic to felsic pyroclastic deposits and lavas.
Recently in another paper of this bulletin, Schneider and
Fisher (1996) interpret thick pyroclastic units of the Obispo
Formation as submarine deposits of remobilized ash. The
work of Robyn (1979, 1980) represents the first focused
analysis of felsic pyroclastic rocks at Tranquillon Moun-
tain, which we believe is in the vicinity of an important
eruptive center that existed in the southern portion of the
Santa Maria province. Cole and Stanley (1994) interpret
felsic tuffs in the Lospe Formation as the deposits of pyro-
clastic flows and subaqueous sediment gravity flows of
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reworked ash that was probably derived from eruptions in
the vicinity of Tranquillon Mountain. In addition, several
smaller, less well exposed volcanic units within the Santa
Maria province have been described elsewhere (for ex-

ample, Ballance and others, 1983; Vedder and others,
1991; McLean, 1994; Hornafius, 1994). This paper pro-
vides the first coherent summary of information on Santa
Maria province volcanic rocks that allows for new inter-
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Figure 1. Map of the Santa Maria province showing outcrop locations of middle Tertiary igneous rocks (Obispo Formation
represented by vertical lines; other units shaded biack), major faults, the onshore Santa Maria basin (stippled), and the
offshore Santa Maria basin. Abbreviations: CB, Catway volcanics; CF, Cambria Felsite; LT, tuffs in the Lospe Formation;
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Variations of some major oxides with respect to SiO, are
shown in figure 17. No apparent geochemical differences ex-
ist between the 20-16 and 28-23 Ma volcanic suites. The co-

herent trends among these elements suggest that the suites

Santa Maria province volcanic rocks may have had a similar

petrogenetic history. The trend of decreasing MgO and Ti

with increasing SiO, may have been a result of fractional crys-
tallization of olivine, pyroxene, and ilmenite (Wilson, 1989).

The increase of K,O with increasing SiO, could possibly

attributed to assimilation of high-K crust by basaltic magmas

(Watson, 1982). In addition, the Na,O contents of a suite
rocks produced by crustal contamination may be expected

remain relatively constant with respect to K,O (Watson, 1982).
Although there is considerable variation in Na,0O content
among just the acidic volcanic rocks, the average NazO con-
tent among the combined basic and acidic end-members is a
narrow range between 3 and 5 weight percent (fig. 17). These
variations suggest that combinations of fractional crystalliza-
tion and crustal assimilation were important during the petro-
genetic history of the Santa Maria province volcanic rocks.

Available Nd- and Sr-isotopic and trace element data sup-
port the variations of major element chemistry and indicate
that the bimodal suite of Santa Maria volcanic rocks evolved
by combinations of assimilation and fractional crystallization
(Cole and Basu, 1992, 1995). Initial ratios of ¥Sx/*Sr range
between 0.702575 and 0.711308, and initial £, values range
between +9.3 and -3.2 (Cole and Basu, 1992, 1995). These
data indicate that the source of basaltic magma for Santa Maria
volcanism included suboceanic mantle similar to the source
of mid-ocean ridge basalt. This basaltic source underwent some
fractionation and also melted local enriched crustal rocks to
form acidic magmas, resulting in the bimodal suite of Santa
Maria province volcanic rocks (Cole and Basu, 1992, 1995).
The presence of modal olivine, clinopyroxene, and plagioclase
in Santa Maria province basalt samples indicates that these
rocks are tholeiitic basalt, which is consistent with derivation
from mid-ocean ridge type magma.

Limited trace element data are available and have been
compiled for some of the Santa Maria province volcanic rocks
(app. 2). Because these data are from different sources in which
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Figure 18. Samarium (Sm) versus hafnium (Hf) variation diagram for selected 20-16 Ma volcanic
units in the Santa Maria province. Data as shown in appendix 2 are compiled from Hornafius
(1994) and Cole and Basu (1995), and include new data for tuffs in the Lospe Formation. Symbols
of volcanic units are the same as in figure 16. Dashed lines are best-fit linear regression lines for
subsets A and B of the 20-16 Ma volcanic rocks, as labelled. The equation for each line is also
shown. Note that subsets A and B are defined by different correlation lines that may represent

eruption of each subset from separate magmatic suites.

measurements were made by different methods, rigorous quan-
titative petrogenetic modeling is not warranted. Nevertheless,
simple qualitative observations of the compiled trace element
data appear to be useful for recognizing possible correlations
(comagmatic sets) among the 20-16 Ma acidic volcanic rocks.
The 28-23 Ma volcanic rocks are not included in this discussion
because very little trace element data are available for these rocks.

Two chemically distinct subsets among the 20-16 Ma
acidic volcanic rocks are defined by comparing concentrations
of incompatible elements (figs. 18, 19). Subset A includes the
Tranquillon Volcanics of Dibblee (1950), tuffs in the Lospe
Formation, and tuffs of the Santa Barbara coast; subset B in-
cludes rocks of the Obispo Formation. The variation of these
subsets with respect to Sm and Hf are displayed in figure 18,
where subset B is defined by a less steep correlation line. Sub-
sets A and B are also distinguished by the variation of Nb and
La (La/Nb = 3.03 and 2.0 for subsets A and B, respectively)
and on the basis of their enrichment of light rare earth ele-
ments (LREE), where subset A exhibits greater LREE enrich-
ment (for subset A, La/Yb = 12.14 and La/Sm = 5.52, but for
subset B, La/Yb = 5.82 and La/Sm = 4.15; see fig. 19). Be-
cause Sm-Hf and La-Nb are incompatible element pairs that
have similar bulk partition coefficients, the ratio of these ele-
ment pairs is not expected to vary significantly during the
course of fractional crystallization or partial melting of mantle-
derived magmas (Bougault and others, 1980; Sun and

«Figure 17. Silica (SiO, versus titanium (TiO,), magnesium
(MgO), sodium (Na,0), and potassium (K,O) for volcanic units
in the Santa Maria province. Data compiled from the same
sources as in figure 16. Symbols of volcanic units are the same
as in figure 16.

McDonough, 1989; Rollinson, 1993). These ratios would,
however, be expected to vary as a result of magma mixing or
crustal contamination. The variation of Hf/Sm and La/Nb be-
tween subsets A and B might therefore characterize a differ-
ent contamination and (or) mixing history of suboceanic
mantle-derived magmas (for example, Cole and Basu, 1995)
that erupted separately to form the two subsets of volcanic
rocks. The difference in LREE enrichment between subsets A
and B could also be attributed to different contamination his-
tories of suboceanic mantle-derived magma. Based upon these
observations, we suggest that the volcanic rocks of subsets A
and B were erupted from different volcanic centers within the
Santa Maria province. In other words, we suggest that these
geochemical variations reveal that the Tranquillon Volcanics
of Dibblee (1950), tuffs in the Lospe Formation, and tuffs of
the Santa Barbara coast were comagmatic and formed from
one eruptive region, whereas the Obispo Formation volcanic
rocks represent a separate comagmatic suite. As noted by
Hornafius (1994), tuff samples NB440 and NB399 of the Santa
Barbara coast appear to be chemically similar to the Obispo
Formation and lie within subset B (fig. 19); these two tuffs
could represent fallout deposits that were derived from the
Obispo eruptive source.

VOLCANIC SOURCE AREAS AND
PALEOGEOGRAPHY

Available information on the distribution, thickness,
stratigraphy, facies, and geochemical characteristics of the
Santa Maria province volcanic rocks allow correlation of
widely separated volcanic units and identification of possible
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source areas for volcanism. This information can be combined
with existing data on middle Tertiary sedimentary basin de-
velopment and fault activity to test paleogeographic models
and to relate episodes of volcanism to tectonic events.

Two episodes of Santa Maria province volcanism are rec-
ognized on the basis of the ages of the volcanic units. An older
group of rocks ranges between about 28 and 23 Ma and in-
cludes the Morro Rock—Islay Hill complex, the Cambria Fel-
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Figure 19. Lanthanum (La) versus samarium (Sm), ytterbium (Yb), and niobium (Nb) for selected
20-16 Ma volcanic units in the Santa Maria province. Data compiled from same sources as in
figure 18. Symbols of volcanic units are the same as in figure 16. Gray dotted lines separate
subsets A and B on the basis of their relative enrichment of La. Samples of subset A consistently
show greater La/Nb, La/Yb, and La/Sm ratios than samples of subset B. In addition, samples of
subset A appear to lie along different correlation lines than samples of subset B, especially for
La-Yb and La-Sm. Samples NB440 and NB399 are from two unnamed tuffs of the Santa Barbara
coast that appear to be chemically similar to the Obispo Formation and lie within subset B; all
of the other unnamed tuffs of the Santa Barbara coast appear to be magmatically related to
subset A. Sample 1A3, a tuff in the Lospe Formation near Point Sal, displays an anomalously

low La concentration; the significance of this sample is uncertain.

R20 Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



site, and the unnamed volcanic rocks at upper Pine Creek. A
younger group of rocks ranges between about 20 and 16 Ma
and includes the Tranquillon Volcanics of Dibblee (1950),
unnamed basaltic andesite of Santa Rosa Creek, Obispo For-
mation, tuffs in the Lospe Formation, unnamed lower Miocene
tuffs of the Santa Barbara coast, the Catway volcanics, and
the Lopez Mountain volcanic rocks. The poor age control on
volcanic rocks in the offshore Santa Maria province does not
allow them to be placed in the younger or older volcanic suite
so we tentatively group them as lower Miocene.

The first episode of Santa Maria province volcanism (28-
23 Ma) included the emplacement of the Morro Rock-Islay
Hill complex and the Cambria Felsite. Based on the similar
stratigraphic positions and the similar geochemical affinities
of these two units, Ernst and Hall (1974) suggested that the
Cambria Felsite was the extrusive equivalent of the Morro
Rock-Islay Hill complex. The Cambria Felsite generally is
more enriched in K,O and SiO, and less enriched in MgO
than the intrusive rocks of the Morro Rock-Islay Hill com-
plex (figs. 16, 17). This contrast in chemistry could indicate
that the Cambria Felsite formed when high silica, K-rich crustal
components were melted and assimilated by a magma that is
partially preserved as the Morro Rock-Islay Hill intrusive
rocks. Further field studies of the Cambria Felsite, including
facies analysis and detailed thickness distributions, are required
to determine the location(s) of the eruptive source area(s). Ir-
respective of the eruptive centers, the Morro Rock-Islay Hill
complex and the Cambria Felsite range from somewhat older
to about the same age as several other volcanic units and sedi-
mentary basins that formed in central and southern California
during the late Oligocene and early Miocene (Stanley, 1987, 1988;
Atwater, 1989; Cole and Basu, 1995). These volcanic rocks were
most likely erupted during regional extension or transtension
along the continental margin during the initial transition from a
subduction to a strike-slip plate boundary between the Pacific
and North American plates (Atwater, 1970, 1989; Stanley, 1987,
1988; Severinghaus and Atwater, 1990).

Possible volcanic source areas for the second episode of
middle Tertiary volcanism in the Santa Maria province (20-16
Ma) can be inferred by using thicknesses of volcanic units (as-
suming that volcanic units thicken toward their source),
volcaniclastic facies, paleoflow data, relative abundance of in-
trusive rocks, and geochemical parameters. The Tranquillon
Volcanics of Dibblee (1950) at Tranquillon Mountain include
thick, welded lapilli tuffs that were most likely deposited from
pyroclastic flows, and thick nonwelded tuffs and bomb-beds that
probably represent fallout deposits (figs. 3, 4). These facies are
typical of relatively proximal pyroclastic deposits (Smith, 1960;
Fisher and Schmincke, 1984; Cas and Wright, 1987). In addi-
tion, the unconformity at the base of these volcanic rocks sug-
gests that the region of Tranquillon Mountain had undergone
uplift, possibly related to thermal doming near a volcanic source
(Robyn, 1980). Volcaniclastic deposits that were distal equiva-
lents to the type Tranquillon rocks would most likely be thinner
and nonwelded. Such deposits may include the tuffs that are

interbedded in the Lospe Formation about 30 km north of
Tranquillon Mountain (figs. 1, 6; Cole and others, 1991b) and
most of the unnamed lower Miocene tuffs of the Santa Bar-
bara coast. This hypothesis is consistent with available trace
element data, which reveal that the rocks of these three areas
most likely had a similar magmatic history (figs. 18, 19). In
this hypothesis, the tuffs of the Lospe Formation would have
been shed northward (in present and early Miocene time) by
pyroclastic flows and subaqueous sediment gravity flows of
reworked ash (Cole and Stanley, 1994). Northward-directed
flow is corroborated by crossbeds in one tuff bed in the Lospe
Formation. Sparse well data (for example, index numbers 23,
18, 19, and 12 on fig. 15 and in app. 3) between Tranquillon
Mountain and the tuffs of the Lospe Formation suggest that
there are volcanic rocks in the subsurface between the two
units, which thin from south to north. This is consistent with
the hypothesis that the tuffs in the Lospe Formation were de-
rived from sources to the south. Most of the thin tuffs and
bentonites exposed along the Santa Barbara coast, including
the thickest and stratigraphically lowest tuff (for example, the
Tranquillon tuff) probably represent deposits from small py-
roclastic flows or airborne ash clouds that drifted southward
and eastward away from the eruptive center near Tranquillon
Mountain.

The source(s) for volcaniclastic rocks of the Obispo For-
mation was (were) probably different than the source of the
volcaniclastic units to the south (for example, tuffs in the Lospe
Formation and the Tranquillon volcanic rocks). Sparse well
data (for example, index numbers 9 and 11) show an absence
of subsurface volcanic rocks in the area between outcrops of
the Obispo Formation and the tuffs in the Lospe Formation
(fig. 15). The Obispo Formation as well as the unnamed volcanics
of Santa Rosa Creek also display a different trace element com-
position than tuffs in the Lospe Formation and the Tranquillon
Volcanics of Dibblee (1950) which suggests a different mag-
matic and eruptive history. Several lines of evidence indicate
that an eruptive source area for the Obispo Formation was lo-
cated in the offshore and (or) Diablo Canyon area west of the
present Obispo Formation outcrop belt (Surdam and Hall, 1984;
R.V. Fisher, oral commun., 1990; Schneider and Fisher, 1996;
fig. 1). First, paleoflow data from tuffs in the Obispo Formation
indicate transport from west to east (Surdam and Hall, 1984;
Schneider and Fisher, 1996). Second, the thickest and more proxi-
mal pyroclastic facies of the Obispo Formation is exposed in the
west (Shell Beach area) with thinner and more distal facies present
eastward (Twitchell Dam area; Schneider and Fisher, 1996).
Third, the concentration of mapped intrusive rocks is greatest at
the northwestern end of the Obispo Formation exposures (Surdam
and Hall, 1984; R.V. Fisher, oral commun., 1990). Finally, water
depths during deposition of the Obispo Formation, based on fau-
nal evidence, were more shallow to the west (50 m) and deeper
to the east (>500 m; Surdam and Hall, 1984). Collectively, these
data suggest that a topographically high volcanic source region
was probably located west to northwest of the Obispo Forma-
tion outcrops in the present offshore Santa Maria basin. Based
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upon a similarity in chemical composition with the Obispo For-
mation, it is possible that one or two of the unnamed tuffs of the
Santa Barbara coast (for example, samples NB440 and NB399
of Hornafius, 1994; fig. 19) were formed from ash that drifted
southward from an Obispo eruptive source.

The thickest preserved lower Miocene volcanic rocks in
the Santa Maria province reach about 4,900 ft (1,479 m) along
the Santa Maria River Fault (index number 17 on fig. 15). These
thick subsurface volcanic rocks could represent either proximity
to an eruptive center or ponding in a topographic low area along
the south side of the fault. The source of these volcanic rocks
could have been the eruption center that is inferred in the Diablo
Canyon area and (or) offshore areas to the northwest. This hy-
pothesis is consistent with the Santa Maria River Fault being
active during early Miocene volcanism and bounding a struc-
tural depression to the south where thick intervals of volcanic
rocks accumulated.

Eruptive centers for some Santa Maria province volcanic
rocks could also have been situated along and (or) west of the
Hosgri Fault in the present offshore Santa Maria basin, where
there are thick accumulations of lower Miocene volcanic rocks
(fig. 15). Such a volcanic center(s) could have been a source for
the Obispo Formation, the tuffs in the Lospe Formation, the type
Tranquillon volcanic rocks, and (or) the Summerland tuff unit.
Available seismic data for the offshore Santa Maria basin show
several examples where lower Miocene volcanic and nonvolcanic
rocks thicken across steep-dipping faults, but the overlying
Pliocene rocks are not crosscut by these faults (McCulloch, 1987;
McIntosh and others, 1991; Meltzer and Levander, 1991; K.J.
Bird, oral commun., 1991). This includes data for the San
Gregorio-Hosgri Fault, which may have been a southwest-dip-
ping normal fault during the early Miocene (McCulloch, 1987,
McIntosh and others, 1991). These data suggest that the off-
shore region was undergoing an episode of synvolcanic and
syndepositional extension during early Miocene time. Erup-
tive centers may have been concentrated along these faults in
this region of extension.

Eruptive sources for the several 20 to 16 Ma Santa Maria
province basalt flows and basaltic breccias are not as readily
discerned as the acidic pyroclastic eruptive sources. The ba-
saltic flows probably were not as far travelled as the acidic
volcaniclastic deposits and therefore may be relatively close
to their eruptive sources.

To better understand the 20-16 Ma episode of volcan-
ism in the Santa Maria province, these volcanic rocks have
been restored to their approximate early Miocene positions
(fig. 20) using paleogeographic reconstructions based upon
paleomagnetic studies (Hornafius, 1985; Hornafius and
others, 1986; Luyendyk, 1991). These studies suggest that
the present east-west-trending western Transverse Ranges
were previously oriented north-south during the early Mi-
ocene, prior to 95° of post-early Miocene clockwise rota-
tion. During rotation right-lateral slip, with displacements
generally less than 10-20 km, probably occurred along sev-
eral northwest-trending faults in the Santa Maria basin,

including the Lions Head and Santa Maria River Faults
(Hornafius and others, 1986). These faults formed the
boundaries between individual crustal blocks and probably
had some component of extension as well as strike-slip
(Hornafius, 1985; Luyendyk, 1991).

The models discussed above predict that zones of ex-
tension within the Santa Maria province would have been
developed between individual rotating and nonrotating
blocks in an overall transtensional regime. The thickest ac-
cumulations of onshore Santa Maria volcanic rocks and
the postulated eruptive centers for these rocks seem to be
coincident with those regions in which the greatest exten-
sion is predicted by these models (fig. 20). For example,
the predicted source of the Obispo Formation is near the
northwest corner of the Santa Maria province and coin-
cides with a zone of predicted crustal extension between
the Hosgri fault and the northwest-trending Santa Maria
River and Los Osos Faults. In addition, the Tranquillon
Volcanics are thickest along trend with the Santa Ynez River
Fault, which may have been adjacent to several triangular
zones of extension during block rotations (Hornafius, 1985;
Luyendyk, 1991; fig. 20).

RELATIONS OF VOLCANISM TO REGIONAL
TECTONIC EVENTS

The bimodal geochemical character of volcanic rocks in
the Santa Maria province is consistent with the regional trend
of Tertiary bimodal volcanism that occurred in western Cali-
fornia as Sierra Nevada arc magmatism ended and near-trench
bimodal volcanism began (Christiansen and Lipman, 1972).
This change in the nature of volcanism in western California
most likely occurred in response to the transition from a con-
vergent to a strike-slip plate boundary when segments of the
Farallon-Pacific spreading ridge intersected western North
America in the vicinity of southern California (Atwater, 1970;
1989; Christiansen and Lipman, 1972; Snyder and others,
1976; McCrory and others, 1995). We propose that the com-
bination of oblique-slip or transtension between the Pacific
and North American plates and the source of heat and upper
mantle magmas supplied to the base of the continental margin
by subducted segments of the Farallon-Pacific spreading ridge,
resulted in the episodes of Santa Maria province volcanism.
In this model, the Farallon-Pacific spreading-ridge segments
provided basaltic magmas for Santa Maria volcanism, and the
transtension along the continental margin caused zones of
crustal thinning and faulting that provided conduits for mag-
mas to reach the surface. Isotopic and geochemical data sup-
port this hypothesis because several Santa Maria province
basalt samples retain mid-ocean ridge basalt signatures (Cole
and Basu, 1992, 1995).

If this model is accurate, then the two episodes of volcan-
ism imply two episodes of Farallon-Pacific spreading-ridge col-
liston with western North America. Tectonic reconstructions by
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McCrory and others (1995) reveal that a large segment of the
Farallon-Pacific ridge stopped spreading by 24 Ma, and that this
segment intersected the area between Point Arguello to near San
Francisco, which embraces the area of 28-23 Ma volcanic rocks
of central and southern California. A second ridge segment, the
Pacific-Monterey segment, stopped spreading at about 19 Ma in

the vicinity of the central Santa Maria province (McCrory and
others, 1995). Spatial and temporal correlations between spread-
ing-ridge segments along the continental margin and
palinspastically restored Santa Maria province volcanic rocks
(as well as other similar-aged volcanic rocks in southern and
central California; Stanley, 1987; Cole and Basu, 1995) are con-

0 20 KILOMETERS
—

Al o B

\/ SANTA YNEZ
RIVER FAULT

BEFORE ROTATION

Areas of
greatest
extension

No scale

DURING ROTATION

Figure 20. A, Early Miocene paleogeographic reconstruction for the Santa Maria province; restorations of Hornafius
{1985), Hornafius and others (1986), and Luyendyk (1991). Volcanic thickness trends were adjusted from the present-
day thickness map shown in figure 15. Representative thickness data points are shown for cross-reference with figure 15.
Volcanic rocks in the offshore region are shown with 60 km of right-lateral displacement removed from the Hosgri Fault;
this represents a median estimate for Hosgri Fault displacement. Total offset along the Hosgri Fault may have been as
little as 5 km (Hamilton, 1982) or as much as 115 km (Graham and Dickinson, 1978a,b) or more (Graham and Peabody,
1981; Bachman and Abbott, 1988). Dashed-dotted lines represent restored modern coastline. Abbreviations: CB, Catway
volcanics; LT, tuffs in the Lospe Formation; SRB, basalt near Santa Rosa Creek; TQ, Tranquillon Mountain; LOF, Los Osos
Fault; SMRF, Santa Maria River Fault; PCF, Pezzoni-Casmalia Fault; LHF, Lions Head Fault; HF, Hosgri Fault; SYRF, Santa
Ynez River Fault; SLBF, Santa Lucia Bank Fault; DC, Diablo Canyon area; SB, Shell Beach. B, Simplified model of block
rotations and zones of crustal extension {(cross-hatched) predicted in models of Hornafius (1985), Hornafius and others

(1986), and Luyendyk (1991).
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sistent with the model that volcanism occurred in response to
spreading ridge-trench interactions. This model is also consis-
tent with the slab window hypothesis in which upwelling as-
thenosphere fills a gap beneath western California following the
demise of Farallon-Pacific spreading-ridge segments (Dickinson
and Snyder, 1979; Severinghaus and Atwater, 1990).

Previous tectonic models have been suggested for Santa
Maria province volcanism. In some respects our model is simi-
lar to a model proposed by Hall (1981a) that suggested that vol-
canism occurred along a leaky-transform fault that was a
precursor to the San Andreas fault. The similarity between the
two models is that each implies a mantle-derived magma source
for volcanism. Our model, however, includes specific hypoth-
eses that relate Santa Maria province volcanism to spreading
ridge-trench interactions and discrete episodes of crustal exten-
sion and (or) transtension. Our model also differs from some
previous models that suggest that volcanism in the Santa Maria
province was a response to subduction-related processes (Crouch,
1978; Weigand, 1982). Isotopic and geochemical data reveal a
bimodal magma source for Santa Maria province volcanic rocks
where the basic end-member magmas were derived from upper
mantle melts (similar to mid-ocean ridge basalt magma) as op-
posed to a melted subducted oceanic slab (Cole and Basu, 1992,
1995). In addition, based on radiometric ages for volcanic rocks
described in this paper and paleomagnetic studies (for example,
Hornafius and others, 1986; Luyendyk, 1991), we can infer that
many of the Santa Maria province volcanic rocks were erupted
in a transtensional regime during episodes of crustal block rota-
tions when segments of the Farallon-Pacific spreading ridge
were intersecting western California.

CONCLUSIONS

The volcanic rocks of the Santa Maria province form
important stratigraphic markers that are useful for surface and
subsurface correlations and paleogeographic reconstructions
in this petroleum-rich region. The Santa Maria volcanic units
have distinctive lithologies that occupy discrete stratigraphic
intervals. These volcanic units are, in some cases, laterally
persistent and mappable for several to tens of kilometers.

Two separate age groups of volcanic rocks can be de-
fined in the Santa Maria province on the basis of radiometric
and biostratigraphic data. An older group of volcanic rocks
that includes the Morro Rock-Islay Hill complex, the Cambria
Felsite, and unnamed volcanic rocks of upper Pine Creek
ranges from about 28 to 23 Ma. A younger group of volcanic
rocks that includes the Obispo Formation, Tranquillon
Volcanics of Dibblee (1950), tuffs in the Lospe Formation,
and several other thin acidic tuffs and basaltic units ranges in
age from about 20 to 16 Ma.

The vicinity of eruptive centers for Santa Maria volcanic
units are determined by the thickness of volcanic units, volca-
nic facies, paleoflow data, the abundance of intrusive rocks,
and geochemical data. Based upon their similar ages, compo-

sitional similarity, and close proximity, the Cambria Felsite
may be the extrusive equivalent of the Morro Rock-Islay Hill
complex. This relation is not well defined and can be tested
by more detailed facies analysis of the Cambria Felsite.

Among the younger volcanic units, the Tranquillon
Volcanics of Dibblee (1950) most likely represent proximal rem-
nants of the southern Santa Maria province volcanic centers. This
volcanic source may have shed ash as pyroclastic flows north-
ward into the Santa Maria basin to form the tuffs within the Lospe
Formation; this same eruptive source may also have formed ash
clouds or small pyroclastic flows that transported ash to the south
and east to form most of the unnamed lower Miocene tuffs of
the Santa Barbara coast (for example, the Tranquillon tuff and
the Summerland tuff). Collectively, these volcanic units
(Tranquillon Volcanics of Dibblee (1950), tuffs in the Lospe
Formation, and unnamed lower Miocene tuffs) are distinguished
from volcanic rocks of the northern Santa Maria province by
lower Hf/Sm, higher La/Nb, and greater light rare earth element
enrichment (higher La/Yb and La/Sm). The Obispo Formation
volcanic rocks probably were erupted from a source area in the
northern part of the Santa Maria province. The source for these
rocks is not well established, but paleoflow data and other evi-
dence suggest that an eruptive center was present west (offshore)
of the present Obispo outcrop belt. This eruptive center formed
welded and nonwelded pyroclastic flow deposits (composed of
cuspate glass shards, pumice, pyrogenic crystals, and minor lithic
grains), some of which were remobilized as eastward-directed
submarine sediment gravity flows. Ash clouds from the Obispo
eruptive region may also have drifted southward to form a few
of the unnamed tuffs of the Santa Barbara coast (for example,
tuff samples NB440 and NB399 of Hornafius, 1994; fig. 19
and app. 2).

Volcanic source areas may also have existed in the present
southern half of the offshore Santa Maria basin. Lower Mi-
ocene strata, including volcanic rocks, thicken across several
faults in the offshore region (Crain and others, 1985; MclIn-
tosh and others, 1991; Meltzer and Levander, 1991). These
faults apparently were growth faults with a normal sense of
displacement in a region of extension where volcanic erup-
tions may have been centered. The volcanic rocks in the south-
ern half of the offshore Santa Maria basin may have
accumulated in depocenters that were formed as downdropped
blocks bounded by the normal faults.

At least some of the eruptive centers for Santa Maria
volcanism may have been localized by zones of crustal exten-
sion between rotating crustal blocks as predicted by rotation
models of the western Transverse Ranges (Hornafius, 1985;
Hornafius and others, 1986; Luyendyk, 1991). When plotted
on paleogeographic reconstructions that take into account pa-
leomagnetic rotations, the volcanic eruptive centers and dis-
tribution of thick volcanic rocks coincide with crustal gaps
that are predicted by the paleomagnetic rotation models.

Volcanic episodes in the Santa Maria province can be
related to regional tectonic events. During middle Tertiary time,
several segments of the Farallon-Pacific spreading ridge in-
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tersected the North American continental margin in the vicin-
ity of the Santa Maria province. As these spreading-ridge seg-
ments reached the continental margin, an oblique-slip plate
boundary was formed between the Pacific and the North Ameri-
can plates (Atwater, 1970, 1989). The oblique-slip motion re-
sulted in transtension along the preexisting subduction zone
(Atwater, 1989; Luyendyk, 1991). During the same time, up-
per mantle material was juxtaposed beneath the continental
margin from the subducted spreading-ridge segments. The
volcanic rocks of the Santa Maria province were derived from
basaltic magmas of the upper mantle that reached the surface
during separate episodes of transtension along the oblique-
slip plate boundary (Cole and Basu, 1992, 1995). Early phases
of oblique slip resulted in an episode of regional transtension
that occurred in central and southern California, during which
time the 28-23 Ma Santa Maria volcanic rocks were emplaced
(for example, the Morro Rock-Islay Hill complex, the Cambria
Felsite, and unnamed volcanic rocks of upper Pine Creek).
Subsequent oblique slip resulted in rotations of crustal blocks
that included the western Transverse Ranges. Younger Santa
Maria volcanic rocks (for example, Tranquillon volcanic units,
the Obispo Formation) may have erupted from volcanic cen-
ters in zones of extension or transtension between the rotat-
ing and nonrotating crustal blocks.
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APPENDIX 1. DATA, INTERPRETATIONS, AND
ASSUMPTIONS USED TO CONSTRUCT THE
STRATIGRAPHIC CHART FOR MIDDLE TERTIARY
VOLCANIC UNITS IN THE SANTA MARIA
PROVINCE (FIG. 2).

The age of the boundary between the Miocene and the
Oligocene is about 23.8 Ma (Cande and Kent, 1992, p. 13,933).
The boundary between the middle Miocene and early Miocene
corresponds to the top of chron C5Cn.In (Cande and Kent,
1992, p. 13,938) which has an age of about 16.014 Ma (Cande
and Kent, 1995, p. 6,094). The boundary between the late Oli-
gocene and early Oligocene falls between the base of chron
C10n.1n and the top of chron C10n.2n (Cande and Kent, 1992,
p- 13,938) which have ages of about 28.512 Ma and 28.578
Ma, respectively (Cande and Kent, 1995, p. 6,094).

In southern California, the boundary between the Luisian
and Relizian Stages of Kleinpell (1938, 1980) occurs at about
the same stratigraphic level as the boundary between the middle
Miocene and early Miocene (Bartow, 1982). The age of the
boundary between the Relizian and Saucesian Stages of
Kleinpell (1938, 1980) is uncertain but must be younger than
17.4 Ma (Stanley and others, 1996) and may be about 17 Ma
(Bartow, 1982). The age of the boundary between the Saucesian
and Zemorrian Stages of Kleinpell (1938, 1980) is uncertain
but may be slightly younger than the boundary between the
Miocene and the Oligocene (Ingle, 1980; Bartow, 1982). New
biostratigraphic work suggests that the Zemorrian Stage may
not be recognizable in coastal southern California owing to
problems with Kleinpell’s original definition of the stage (M.L.
Cotton, M. V. Filewicz, and D.R. Vork, Unocal Corp., oral and
written communs., 1995).

Igneous rocks of the Morro Rock-Islay Hill complex of
Ernst and Hall (1974) intrude the Jurassic and Cretaceous
Franciscan Complex and have yielded radiometric ages of
22.740.9 Ma to 28.0+1.0 Ma (ages from Turner, 1968, and
Turner and others, 1970, corrected for changes in decay con-
stants using the method of Dalrymple, 1979; additional ages
from Buckley, 1986; see table 1).

In the San Luis Obispo-Cambria area, volcanic rocks of
the Obispo Formation have yielded radiometric ages ranging
from 15.7+0.9 Ma to 16.9+1.2 Ma (ages from Turner, 1970,
corrected for changes in decay constants using the method of
Dalrymple, 1979; see table 1). Biostratigraphic data indicate
that the Obispo Formation is overlain by Relizian strata vari-
ously assigned to the Monterey and Point Sal Formations (Hall
and Corbat6, 1967, p. 570; Turner, 1970, p. 103; Hall, 1973,
1978; Hall and others, 1979). These biostratigraphic data
strongly suggest that the top of the Obispo is of Relizian age
and therefore somewhat older than 16.0 Ma, a conclusion that
is consistent with the reported estimates of analytical preci-
sion of the youngest reported radiometric ages from the Obispo.
According to Hall and Corbat6 (1967, p. 570) and Hall (1973,

p- 3), molluscan fossils from the Obispo suggest an age of
Saucesian to Relizian, implying that the base of the Obispo
may be older than 17.0 Ma. On our stratigraphic chart (fig. 2),
the age of the base of the Obispo is queried and placed at
about 18.1 Ma, which is the maximum age allowed by the
estimate of analytical precision of the oldest reported radio-
metric age from the Obispo. The Obispo conformably over-
lies the Rincon Shale (of Hall and others, 1979) which in this
area contains Saucesian benthic foraminifers as well as cal-
careous nannofossils of early Miocene zones CN1 and (or)
CN2 (Tennyson and others,1991; M.E. Tennyson, oral
commun., 1992). The Vaqueros Formation in this area con-
tains molluscan fossils of the “Vaqueros Stage” of Addicott
(1972) that have yielded ¥Sr/*Sr ratios consistent with ages
of late Oligocene to early Miocene (Tennyson and others, 1991;
M.A. Keller and M.E. Tennyson, oral communs., 1992, 1996).
Nonmarine sedimentary rocks in this area (mapped as Lospe
Formation by Hall, 1974; Ernst and Hall, 1974; Hall and Prior,
1975; and Hall and others, 1979) have not been directly dated
but are of late Oligocene age on the basis of their stratigraphic
position between the overlying Vaqueros Formation and the
underlying Cambria Felsite of Ernst and Hall (1974). The age
of the Cambria Felsite is about 26.5 Ma to about 27 Ma on the
basis of unpublished radiometric ages (M.A. Mason and C.C.
Swisher, oral commun., 1990; J.D. Obradovich, oral commun.,
1994; M.E. Tennyson and M.A. Keller, oral commun., 1994;
see table 1).

Near Lopez Mountain, unnamed volcanic rocks (map
units Tvt and Tvf of McLean, 1994) apparently overlie Meso-
zoic sedimentary rocks and are in turn overlain by the Monterey
Formation, which in this area contains calcareous nannofossils
of middle Miocene zone CN4 and assemblages of benthic fora-
minifers ranging in age from Saucesian(?) and Relizian to late
Mohnian (McLean, 1994). A basaltic interbed in tuff yielded
a radiometric age of 17.04£0.5 Ma (map unit Tvt of McLean,
1994; see table 1). These data are consistent with the hypoth-
esis that the unnamed volcanic rocks near Lopez Mountain
are about the same age as the Obispo Formation in the nearby
San Luis Obispo-Cambria area (fig. 2). In the same general
area, but not in contact with the volcanic rocks, are patches of
unnamed sandstone and conglomerate to which McLean (1994,
map unit Tsc) assigned an age of Miocene and (or) Oligocene.

In the Point Sal area, biostratigraphic data show that the
lower part of the Monterey Formation is of Luisian and Relizian
age (Woodring and Bramlette, 1950, p. 100) and that the Point
Sal Formation is of Relizian and latest Saucesian age (Stanley
and others, 1996, p. M12-M13). The boundary between the
Monterey and Point Sal Formations must therefore occur
within the Relizian Stage, but its precise age is uncertain. The
ages of the top and bottom of the Lospe Formation are about
17 and 18(?) Ma, respectively, on the basis of biostratigraphic
data and radiometric ages on tuffs (Stanley and others, 1996;
see table 1).

On Figueroa Mountain, the Monterey Formation is of
Relizian and (or) Luisian age on the basis of biostratigraphic
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data (J.G. Vedder, oral commun., 1993, cited by Stanley and
others, 1996, p. M27) and therefore may be correlative with
parts of the Monterey Formation in the Lopez Mountain and
San Luis Obispo-Cambria areas. The age range of the infor-
mally-named Catway volcanics is poorly constrained by three
radiometric ages that exhibit large reported estimates of ana-
lytical precision (table 1). The age of the lower boundary of
the volcanic sequence is tentatively placed at 20.3 Ma on the
basis of the oldest potassium-argon age reported by Hall (1981,
p. 1,017) corrected for changes in decay constants using the
method of Dalrymple (1979). The Catway volcanics rest con-
formably on an unnamed sequence of sandstone and mudstone
that contains molluscan fossils of Saucesian and (or) Relizian
age (J.G. Vedder, oral commun., 1993, cited by Stanley and
others, 1996, p. M27).

Along Santa Rosa Creek, the age of the unnamed basal-
tic rocks is poorly constrained by a single radiometric age of
17.4%1.2 Ma (from Turner, 1970, corrected for changes in de-
cay constants using the method of Dalrymple, 1979; see table
1). The minimum and maximum ages allowed by this date
(16.2-18.6 Ma) were used to depict the age range of the un-
named basaltic rocks on the stratigraphic chart (fig. 2). The
unnamed basaltic rocks are overlain by the Monterey Forma-
tion, the lower part of which is of Luisian and Relizian age
(Dibblee, 1988a). In turn, the unnamed basaltic rocks overlie
the Rincon Shale and Vaqueros Formation, which we provi-
sionally correlate with units of the same names in the nearby
Santa Barbara coastal area (see discussion below). In the Santa
Rosa Creek area, geologic map relations depicted by Dibblee
(1988a) indicate that the Vaqueros rests unconformably on
marine sedimentary rocks of late and (or) middle Eocene age
(Howard, 1995, p. H27).

On Tranquillon Mountain, the Tranquillon Volcanics of
Dibblee (1950) have yielded a radiometric age of 17.80+0.05
Ma (Stanley and others, 1996, p. M11; see table 1). The
Tranquillon Volcanics are overlain in apparent angular
unconformity by the Monterey Formation; the amount of time
represented by this unconformity is uncertain but probably
not large, because a sample from the lower part of the Monterey
yielded early and middle Miocene diatoms and Relizian(?)
foraminifers (Dunham and Blake, 1987, p. 31). Thickness
trends, available paleocurrents, and similarities in age, petrog-
raphy, and major and trace element composition indicate that
the Tranquillon Volcanics are at least partly correlative with
an unnamed tuff at the base of the Monterey Formation along
the Santa Barbara coast (Cole and others, 19914, b; Stanley
and others, 1991, 1992a, 1996; Hornafius, 1994); a sample of
this tuff from near Naples yielded a radiometric age of
18.42+0.06 Ma (Stanley and others, 1996, p. M11; see table
1). The Tranquillon Volcanics on Tranquillon Mountain rest
unconformably on lower Miocene (Saucesian) strata of the
Rincon Shale (Stanley and others, 1996, p. M25); the amount
of time represented by this unconformity is unknown.

In the Santa Barbara coastal area, the unnamed tuff within
the lowest part of the Monterey Formation has long been known

to be of late Saucesian age because the tuff conformably over-
lies fossiliferous upper Saucesian strata of the Rincon Shale
and is conformably overlain by fossiliferous upper Saucesian
strata of the Monterey Formation (Dibblee, 1950, p. 34;
Kleinpell and Weaver, 1963, p. 11-12; Dibblee, 1966, p. 50;
Turner, 1970, p. 105; DePaolo and Finger, 1991; Stanley and
others, 1992b, 1994, 1996). As mentioned above, a sample of
the unnamed basal Monterey tuff from near Naples yielded a
radiometric age of about 18.4 Ma (table 1). Also at Naples,
the unnamed tuff occurs below Monterey strata that yielded
mean ¥’Sr/*Sr values of 0.70865+0.00001, which correspond
to planktic foraminiferal zone N6 and calcareous nannofossil
zone CN2 and falls within the middle of geomagnetic chron
C5Dn (DePaolo and Finger, 1991) dated at about 17.3-17.6
Ma (Cande and Kent, 1995). Samples of tuff from the base of
the Monterey Formation near Summerland, about 9 km east
of Santa Barbara, yielded radiometric ages of 16.5+0.6 Ma
and 17.240.5 Ma (ages from Turner, 1970, corrected for
changes in decay constants using the method of Dalrymple,
1979; see table 1). However, compared to the biostratigraphic
and strontium isotopic data from Naples, the younger of these
two radiometric ages is too young, even within the reported
range of analytical precision, unless the tuff at Summerland is
at a higher stratigraphic level than the tuff at Naples. The age
of the base of the Rincon Shale in the Santa Barbara coastal
area is about 23.3 Ma on the basis of evidence from calcare-
ous nannofossils (Stanley and others, 1994) and calculated rates
of rock accumulation (R.G. Stanley, unpublished data). The
base of the Vaqueros Formation in the Santa Barbara coastal
area is thought to be an unconformity (Howard, 1995, p. H5);
strontium isotopic analyses of fossil shells suggest that the
age of the lowest part of the Vaqueros is about 24+1 Ma
(Rigsby, 1994). According to Howard (1995, p. H27), upper
Oligocene strata within the upper part of the Sespe Formation
rest unconformably on upper Eocene strata within the lower
part of the Sespe, and lower Oligocene strata are absent.

In the offshore Santa Maria basin, unnamed volcanic
rocks rest unconformably on Mesozoic and Paleogene strata
and are in turn overlain by the Monterey Formation
(McCulloch, 1989, p. 446). Little is known about the age of
the offshore volcanic rocks, but they are at least partly of early
Miocene (Saucesian) age, are overlain by Relizian sedimen-
tary strata, and have been correlated with the onshore
Tranquillon Volcanics by Crain and others (1985, p. 540).
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APPENDIX 3. SUBSURFACE DATA USED TO
CONSTRUCT LOWER MIOCENE VOLCANIC
THICKNESS MAP OF FIGURE 15

Index No. Well Total depth Lower Miocene
(feet) volcanic thickness
(feet)
1 Getty "Montadoro" 1 6,146 1,270
2 C.C Townsend "Townsend-Gunter" 1 3,286 1,645
3 Pismo Oil "Mello" 1 1,505 >198
4 Holly Oil "Meherin" 1 4,072 670
5 Homestake Prod. "Tar Spring" 1 3,535 926
6 N.B. Hunt 1 10,010 1,500
7 Chevron "Porter" 1 9,690 2,200
8 Gulf "Porter" 1 2,939 850
9 Stansbury Webb "Bosse" 1 2,670 0
10 Union "Vernon Wineman" 2 3,665 1,900
11 Golden Bear Oil "Moretti" 4-1 3,070 0
12 Union "Jesus Maria" 2 1,664 <100
13 Texaco "La Brea" 1 4,519 1,227
14 J.I. Anderson "Elliott" 1 2,455 82
15 Texaco "Miller" 1 5,078 462
16 Texaco "Sorenson" 1 3,004 375
17 Union "Hansen" 1 8,168 4,900
18 Prairie Oil & Gas 1 5,638 204
19 W.H. Taylor "Packard" 1 5,587 193
20 Getty "Leonsis" 1 4,949 890
21 Point Conception COST well (OCS-CAL ? 0
78-164)
22 Rothschild Oil "Sacremento J.M." 2 4,151 270
23 Texaco "Intex-Lagomarsino" 1 4,696 624
24 Anza Pacific "Spanne" 1 6,241 50
25 Amerada Hess "Sudden" 1 1,884 700
26 Gulf "Sudden" 1 2,009 300
27 Gulf "Sudden" 3 2,284 >400
28 Standard "Sudden" 1 2,861 >210
29 Conoco 322-1 9,343 0
30 Mobil 321-1 11,463 0
31 Chevron 318-1 96,43 0
32 Chevron 318-2 8,100 0
33 Chevron 450-3 8,881 0
34 Chevron 316-2 11,416 0
35 Chevron 452-2 7,485 220
36 Chevron 317-1 8,956 0
37 Chevron 446-2 6,733 170
38 Chevron 443-1 6,952 >400
39 Arco 444-1 8,067 10
40 Union 441-2 5,430 0
41 Exxon 440-2 5,837 0
42 Exxon 440-1 5,525 0
43 Arco 437-1 6,609 70

R34  Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



Index No. Well Total depth Lower Miocene

(feet) volcanic thickness

(feet)
44 Texaco 496-1 6,120 0
45 Pennzoil 427-1 6,156 0
46 Arco 425-1 3,681 >230
47 Exxon 411-1 5,303 480
48 Phillips 406-1 5,755 440
49 Reading & Bates 416-1 5,961 100
50 Sun Exploration 415-2 6,309 160
51 Reading & Bates 415-1 9,916 233
52 Oxy 409-3 9,465 320
53 Oxy 409-6 7,917 0
54 Phillips 408-1 6,895 >210
55 Phillips 402-1 8,687 117
56 Phillips 403-1 6,897 336
57 Getty 395-1 7,746 680
58 Standard-Humble Oceano 1 060-1 8,020 >600
59 Phillips 396-1 7,702 440
60 Phillips 397-2 8,055 >525
61 Phillips 397-1 3,665 300
62 Texaco 394-1 5,475 920
63 Sun 422-1 ? 220
64 Phillips 426-1 8,073 0
65 Shell 435-1 6,901 0
66 Getty 424-1 4,010 150
67 Arco 430-1 5,772 0
68 Chevron 450-1 11,950 550
69 Getty 449-1 8,071 0
70 Conoco 320-1 9,234 0
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Table 1. Age-diagnostic taxa, zonation, and paleobathymetry of microfossils from Big Pine Mountain area

[Localities shown on figures 4 and (or) 5. Arranged stratigraphically from top to bottom. Assignments by M.L. Cotton, M.V. Filewicz, and D.R. Vork unless noted as
follows: R.L.P., RL. Pierce; JJW.R,, J.W. Ruth; R E.A., R.E. Arnal; D.B., David Bukry; N.O.F., N.O. Frederiksen; P.J.S., P.J. Smith; P.J.Q., P.J. Quinterno; KM.,, K.A.
McDougall. Zonation schemes used: dinoflagellates, Williams and Bujak (1985); calcareous nannofossils, Okada and Bukry (1980); planktonic foraminifers, Blow
(1969, as emended by Toumarkine and Luterbacher, 1985); benthic foraminifers, Goudkoff (1945), Laiming (1939, as emended by Almgren and others, 1988). Age
boundaries from Haq and others (1987). Paleobathymetry based upon classifications by Hedgpeth (1957) and Ingle (1975)]

Field No. Age-diagnostic and associated taxa Age or zone Paleobathymeltry Remarks
981-25-5(H) | Calcareous nannofossils: Coccolithus crassus, Zygrablithus CP11 (Discoaster Sample collected 5 cm below contact
bijugatus, Discoaster barbadiensis, D. lodoensis, Discoasteroides lodoensis Zone) with overlying sandstone unit about
kuepperi, Helicosphaera seminulum, Pontosphaera plana (D.B.) 3.7 km northwest of measured
Benthic foraminifers: assemblage Probable Laiming section at Big Pine Mountain.
pseudo-C
(REA., KM,
Planktonic foraminifers: assemblage P9 to P11 (RE.A)
981-25-4(H) | Calcareous nannofossils: Coccolithus grandis, C. crassus, CP11 (Discoaster Approximately 10 m below 981-25-
Discoasteroides kuepperi, Sphenolithus radians, Zygrablithus lodoensis Zone) 5(H).
bijugatus (D.B))
Benthic foraminifers: assemblage Probable Laiming | > 2,000 m (K.M.)
C to pseudo-C
(REA,KM)
Planktonic foraminifers: assemblage P8 to P10 (K.M.)
981-25-2(H) | Calcareous nannofossils: Chiasmolithus grandis, Coccolithus CP11 (Discoaster Sample collected from upper part of
crassus, C. magnicrassus, Discoaster lodoensis, Discoasteroides lodoensis the mudstone unit about 4.2 km
kuepperi Zone) (D.B.) northwest of measured section.
Presumably a few meters above
Benthic foraminifers: assemblage Probable Laiming | > 2 000 m (K.M.) stratigraphic position of 981-25-
C to pseudo-C 3(H).
(REA., KM)
Planktonic foraminifers: assemblage P8 (KM,
981-25-3(H) | Calcareous nannofossils: Zygrablithus bijugatus, Tribrachiatus CP10 (D.B)) Approximately 10 m below 981-25-
orthostylus 4(H). Tribrachiatus orthostylus is
Benthic foraminifers: assemblage Probable Laiming | 2,000 m (KM.) sparse and possibly redeposited,;
C to pseudo-C Coccolithus crassus is absent.
(REA,KM)
Planktonic foraminifers: assemblage P8 to P9 (K.M.)
GP33 Benthic and pianktonic foraminifers: assemblage Eocene (P.J.S.) Relative stratigraphic position
uncertain, probably close to 981-
25-2(H).
981-25-1(H) | Calcareous nannofossils: Coccolithus crassus, Discoaster lodoensis, | CP11 (Discoaster Approximately 10 m below 981-25-
Braarudosphaera sp., Micrantholithus sp., Pontosphaera sp.. lodoensis Zone) 2(H).
Zygrablithus sp.
Benthic foraminifers: assemblage Laiming C(?) to | > 2,000 m (K.M.)
pseudo-C(?)
(REA.,KM)
Planktonic foraminifers: assemblage P8 to P9 (K.M.)
V-651 Calcareous nannofossils: Sphenolithus radians, Zygrablithus CP11 Upper to middle
bijugatus, Discoaster lodoensis, Helicosphaera lophota, bathyal
Coccolithus crassus, Rhabdosphaera morionum, R. tenuis,
Helicosphaera seminulum, Discoaster binodosus
Benthic foraminifers: Bulimina macilenta, B. callahani, Anomalina | Laiming C to
dorri aragonensis, Marginulina asperuliformis pseudo-C
Planktonic foraminifers: Globorotalia bullbrooki, G. griffinae, G.
caucasica P9
V-557 Calcareous nannofossils: Coccolithus crassus, Discoaster lodoensis, | CP11 (Discoaster Includes Eocene dinoflagellates

Discoasteroides kuepperi
Benthic foraminifers: assemblage

Planktonic foraminifers: assemblage

Age and Tectonic Inferences, Upper Cretaceous, Paleocene, and Eocene Strata, Big Pine Mountain Area, California

lodoensis Zone)
Probable Laiming

C to pseudo-C

(REA., KM)

P7 to P9 (KM))
|

Middle(?) bathyal
(P.JQ)

(N.O.F.) and trace fossil
?Helminthoida sp.

s1



Table 1. Age-diagnostic taxa, zonation, and paleobathymetry of microfossils from Big Pine Mountain area—Continued

Field No. Age-diagnostic and associated taxa Age or zone Paleobathymetry Remarks
V-650 Calcareous nannofossils: Sphenolithus radians, Zygrablithus CP11
bijugatus, Discoaster lodoensis, Helicosphaera lophota,
Coccolithus crassus, Tribrachiatus orthostylus
Benthic foraminifers: Bulimina macilenta, B. callahani, Anomalina Laiming C Upper to middle
dorri aragonensis, Marginulina asperuliformis bathyal
Planktonic foraminifers: Globorotalia caucasica, G. broedermanni, | P8
G. subbotinae, G. aragonensis, G. soldadoensis
V-649 Palynomorphs: Werzeliella articulata Eocene Discoaster diastypus absent.
Calcareous nannofossils: Tribrachiatus orthostylus, Sphenolithus Probable CP9
radians, S. anarrhopus, Chiasmolithus grandis, Discoaster mirus,
D. minimus, D. barbadiensis, Rhabdosphaera crebra, Toweius sp.
Benthic foraminifers: Bulimina macilenta, B. callahani, Anomalina | Laiming C Upper to middle
dorri aragonensis bathyal
Planktonic foraminifers: Globorotalia subbotinae, G. aragonensis, G. | P71
soldadoensis
V-648 Calcareous nannofossils: Tribrachiatus orthostylus, Sphenolithus Probable CP9 Rare specimens of Micula
radians, Chiasmolithus grandis, Lophodolithus nascens, staurophora reworked from Upper'
Transversopontis pulcher, Coccolithus cribellum, Toweius sp., Cretaceous strata; Discoaster
Markalius sp. diastypus absent.
Benthic foraminifers: Bulimina macilenta, B. callahani, Anomalina Laiming C Upper to middie
dorri aragonensis bathyal
Planktonic foraminifers: Globorotalia subbotinae, G. aragonensis, G. | P7
soldadoensis
V-647 Palynomorphs: assemblage (not zoned)
Calcareous nannofossils: barren
Benthic foraminifers: Recurvoides spp., Silicosigmoilina sp., Cretaceous to Bathyal
Saccamina sp. Paleogene
V-646 (Report pending)
1084-16-1(M) Palynomorphs: Alangiopollis cribellata type, Betulaepollinites sp., Late Paleocene Assigned to R3368, USGS, Reston,
Paraalnipollinites confusus, probable Ulmipollinites tricostatus (N.OF) Va., palynology archive.
V-645 Palynomorphs: assemblage not zoned
Benthic foraminifers: Recurvoides spp., Silicosigmoilina sp., Cretaceous to Bathyal
Saccamina sp. Paleogene
1084-16-2(M) Palynomorphs: "Much the same flora as in R3368," Field number Probable late Assigned to R3373, USGS, Reston,
1084-16-1(M) Paleocene Va., palynology archive.
(N.OF.)
V-644 Calcareous nannofossils: barren
V-643 do.
V-642 Benthic foraminifers: (same as in V-645) Cretaceous to Bathyal
Paleogene
V-641 Palynomorphs: Areoligera sp. Late Cretaceous
to Paleogene
Benthic foraminifers: (same as in V-645) Cretaceous to Bathyal
Paleogene
V-640 Palynomorphs: ?Cyclonepheleum sp., Glaphyrocysta sp. Probable Comstock's (1975) locality 2 (late
Paleogene Paleocene) may project
Benthic foraminifers: (same as in V-645) Cretaceous (o Bathyal stratigraphically between here and
Paleogene V-642.
V-639 (Report pending)
V-638 Palynomorphs: Isabelidinium cretaceum, Dinogymnium acuminatum | Maastrichtian Rare specimens of both taxa.
Benthic foraminifers: (same as in V-645) Cretaceous to Bathyal
Paleogene
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Table 1. Age-diagnostic taxa, zonation, and paleobathymetry of microfossils from Big Pine Mountain area—Continued

Field No. Age-diagnostic and associated taxa Age or zone Paleobathymetry Remarks
V-637 (Report pending)
V-636 (Report pending)
V-635 Palynomorphs: Dinogymnium acuminatum Santonian to
Maastrichtian
GP46, Benthic foraminifers: Cribrostomoides cretacea, Silicosigmoilina Late(?) GP46 = M43 of Vedder and others
V-524, californica, Dorothia bulletta, Trochammina sp. cf. T. Cretaceous, (1967). All three samples from
V-634 ribstonensis, Bathysiphon sp., Gaudryina sp. cf. G. filiformis, possibly approximately same site.
Cibicides sp. cf. C. coonensis (R.L.P., GP46) Goudkoff C and
(or) DI
(R.L.P.); Late
Cretaceous
(RE.A, V-524)
V-633 Palynomorphs: Proteacidites thalmanni Late Cretaceous Rare specimens.
to Paleogene
V-524a Palynomorphs: Isabelidium cretaceum, Dinogymnium acuminatum Maastrichtian Common specimens of I cretaceum.
Benthic foraminifers: assemblage not zoned (R.E.A.) Late Cretaceous | Bathyal
(RE.A)
V-632 (Report pending)
V-631 Palynomorphs: Proteacidites thalmanni Possible Late(?) Common specimens of P. thalmanni.
Cretaceous
Benthic foraminifers: Recurvoides spp., Silicosigmoilina sp., Cretaceous to Bathyal Abundance of Recurvoides spp.
Saccammina sp. Paleogene suggests Cretaceous rather than
Paleogene age.
V-630 Benthic foraminifers: (same as in V-631) do. do. Do.
V-629 do. do. do. Do.
V-628 Palynomorphs: Dinogymnium acuminatum Santonian to
Maastrichtian
Benthic foraminifers: (same as in V-631) Cretaceous to do. Do.
Paleogene
V-527 Benthic foraminifers: assemblage (not zoned) Late Cretaceous Stratigraphic position uncertain.
(REA) Collected about 130 m WSW of V-
628.
65CB75 do. Probable Stratigraphic position uncertain.
Cretaceous Collected about 225 m S of V-628.
(JWR)
V-692 (Report pending)
V-691 (Report pending)
V-525 Benthic and planktonic foraminifers: assemblage (not zoned) Late Campanian Contains calcareous benthic,
or Maastrichtian planktonic, and arenaceous
Goudkoff D2 to foraminifera (R.E.A.).
E(R.EA)
V-690 (Report pending) Approximately same stratigraphic

position as megafossil locality V-
526 Pachydiscus ootacodensis?
(M7589, USGS, Menlo Park,
Calif., Mesozoic megafossil
collection).

Age and Tectonic Inferences, Upper Cretaceous, Paleocene, and Eocene Strata, Big Pine Mountain Area, California  $13



Table 1. Age-diagnostic taxa, zonation, and paleobathymetry of microfossils from Big Pine Mountain area—Continued

Field No. Age-diagnostic and associated taxa Age or zone Paleobathymetry Remarks
V-689 Benthic foraminifers: Eponides sp. cf. E. bandyi, Gyroidina Goudkoff D2 to E | Bathyal
quadrata, Gaudryina navarroensis crassiformis, Bulimina spinata
1084-16-1(H)| Palynomorphs: Proteacidites spp. and assemblage Santonian to Stratigraphic position uncertain;

the mudstone sequence. This lentil consists of medium- to
coarse-grained micaceous quartzofeldspathic sandstone in
which bedding is normally graded, indistinct, or absent. Other
lenticular sandstone beds are present in the mudstone along
Big Pine Road less than 1 km southeast of the measured sec-
tion, where they are as much as 5 m thick. All of these len-
ticular sandstone beds are interpreted to be channel-fill
deposits. Farther southeast near the Big Pine fault, a zone of
sandstone beds within the mudstone unit is estimated to be
about 15 m thick.

Although covered by colluvium and landslides at Big
Pine Mountain, the upper contact of the condensed(?) suc-
cession is sharply defined along the sheer eastern wall of lower
Big Pine Canyon near its juncture with the Sisquoc River. On
the cliff face, mudstone beds (lithofacies G) are depositionally
overlain without discordance by resistant sandstone beds
(lithofacies C and B of Ricci-Lucchi, 1975) that constitute
the basal part of the superjacent sequence. Where examined,
the contact is characterized by flame structures, small load
casts, and an absence of large-scale erosional features.

Zonation and Age

Paleontologic evidence indicates that the condensed(?)
succession includes strata that range in age from Late Creta-
ceous through most of the early Eocene. The assigned ages
are based upon zonations that are derived chiefly from as-
semblages of calcareous nannofossils, palynomorphs, and
foraminifers supplemented by rare mollusks in the lower part.
Biostratigraphic subdivision of the microfossil assemblages
is based upon the following schemes:

Calcareous nannofossils: CP zones, Okada and Bukry

(1980);

Palynomorphs: age or stage, Williams and Bujak (1985);

Planktonic foraminifers: P zones, Blow (1969), as emended
by Toumarkine and Luterbacher (1985); and

Benthic foraminifers: H-C zones, Goudkoff (1945), as
emended by Almgren (1986) for Upper Cretaceous as-
semblages; E-A zones, Laiming (1939), as emended by

Almgren and others (1988) for Paleogene assemblages.

Ages of geochronologic units and boundary ages of
chronostratigraphic units follow the usage of Haq and others

within 10 m of base. About 175 m
north of measured section.
Assigned to R3370, USGS, Reston,
Va., palynology archive.

Danian (N.O.F.)

(1987) with the exception of the early Eocene-middle Eocene
boundary, which, in California, is more easily defined by the
CP11/CP12a indicators. Preliminary results from the bios-
tratigraphic analyses are summarized in tabular form (table
1), and the zones represented are shown on the stratigraphic
column (fig. 5).

Fossils from the lowermost 30 m of the measured sec-
tion (fig. 5) include foraminifers and mollusks indicative of
the Campanian and (or) Maastrichtian Stages (table 1, V-
689, V=525, and V-526). Identifiable calcareous nannofossils
and palynomorphs are absent in samples from the same 30-
m-thick interval. Above an overlying deeply weathered, partly
covered interval about 40 m thick, palynomorph assemblages
that range from Santonian to Maastrichtian occur through 80
m of section; two of these assemblages (V-524a, V-638) are
restricted to the Maastrichtian Stage. Foraminifers from the
same 80-m-thick interval are long-ranging agglutinated taxa
that were assigned either a Cretaceous age or a Cretaceous to
Paleogene age. The Paleocene foraminiferal assemblage listed
by Comstock (1975, locality 2; 1976, locality BP—4m) from
a single site on Big Pine Mountain, when projected into the
measured section, falls at least 60 m above the 80-m-thick
interval (near V-642). Thus, the Cretaceous-Tertiary bound-
ary may lie between 160 m and 200 m from the base (be-
tween V-638 and V-641). Late Paleocene palynomorphs are
present in samples about 238 m and 250 m above the base
(1084-16-2(M), 1084-16—1(M)). The lowest stratigraphic
occurrence of early Eocene taxa is in a sample from approxi-
mately 300 m above the base (V—648), in which Zone CP9
calcareous nannofossils and Zone P7 planktonic foraminifers
occur together. Younger early Eocene assemblages represent
Zones CP10 and CP11 and Zones P8 and P9 in the upper-
most 30 m of section (V-650 to V-651). A sample (981-25-
5(H)) from 5 cm below the upper contact in Big Pine Canyon
contains microfossils indicating Zone CP11 and Zone P9(7)-
P13().

If the duration of sedimentation is interpreted to have lasted
from the end of early Maastrichtian through Zone CP11, as sug-
gested by the preliminary biostratigraphic data in table 1, the
time interval represented by the condensed(?) succession may
have been 21.5 m.y. (Haq and others, 1987, time scale). Because
there is no definitive fossil evidence for the presence or absence
of the uppermost Maastrichtian Stage and all of the Danian Stage
in the sequence, deposition may or may not have been continu-
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Table 2. Age-diagnostic taxa, zonation, and paleobathymetry of microfossils from upper East Fork Santa Cruz Creek

[Localities shown on figures 6 and (or) 7A. Arranged stratigraphically from top to bottom. See table 1 for sources of data]

Field No, Age-diagnostic and associated taxa Age or zone Paleobathymetry Remarks
592-20-1(M) | Calcareous nannofossils: Coccolithus pelagicus, Neochiastozygus Late Paleocene Sample contains abundant
Junctus (D.B)) calcareous debris.
Benthic foraminifers: large assemblage (>45 taxa) (K.M.) Late Paleocene Upper bathyal Includes planktonic taxa (K.M.).
(KM.) (K.M.)
592-20-2(M) | Calcareous nannofossils: Discoaster falcatus, D. multiradiatus, CP8 (D.B)) Abundant flora.
Eliipsolithus macellus, Fasciculithus typaniformis,
Neochiastozygus distentus, Zygrablithus bijugatus
Benthic foraminifers: large assemblage (>75 taxa) (K.M.) Late Paleocene >2,000 m Includes displaced upper bathyal
(K.M.) and neritic indicators.
592-20-3(M) | Calcareous nannofossils: Coccolithus pelagicus, Fasciculithus Late Contains reworked specimens of
tympaniformis(?), Zygrablithus sigmoides(?) Paleocene(?) Cretaceous Micula decussata.
(D.B.)
Benthic foraminifers: large assemblage (>75 taxa) (K.M.) Late Paleocene >2,000 m Includes displaced upper bathyal
(K.M.) and neritic indicators.
591-20-5(M) | Calcareous nannofossils: Toweius sp. Coccolithus pelagicus, CP7 Specimens rare and poorly
Fasciculithus tympaniformis. Discoaster nobilis, D. delicatus preserved.
Benthic foraminifers: (Report pending)
591-20-1(M) | Calcareous nannofossils: Toweius sp., Coccolithus pelagicus, Cp7 Specimens rare and poorly
Fasciculithus tympaniformis, Discoaster nobilis, D. delicatus, D. preserved.
mohleri, Chiasmolithus consuetus
Benthic foraminifers: (Report pending)
591-20-2(M) | Calcareous nannofossils: Coccolithus pelagicus, Fasciculithus CP6-CP7 Specimens rare and poorly
tympaniformis, Chiasmolithus consuetus, Zygodiscus sp., Ericsonia preserved.
robusta, Heliolithus reideli, Neochiastozygus chiastus, Prinsius
bisulcus
Benthic foraminifers: Bulimina arkadelphiana, B. macilenta, Dorothia | Laiming E Middle to lower
oxycona, Silicosigmoilina californica bathyal
Planktonic foraminifers: Globorotalia psuedomenardii, Globigerina | P4
triloculinoides
591-20-3(M) | Calcareous nannofossils: Coccolithus pelagicus, Toweius sp., CP5 Specimens rare and poorly
Fasciculithus tympaniformis, Heliolithus kleinpelli, Chiasmolithus preserved.
consuetus, C. bidens, Zygrablithus sp., Scapholithus fossilis
Benthic foraminifers: (Report pending)
S N
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Figure 8. Schematic cross section, Loma Pelona syncline, vicinity of Big Pine Road.
See figure 6 for symbol explanation. Units Tsb and Tpl represent Sierra Blanca
Limestone and coeval limestone lenses. Dashed line in unit Te represents highest
stratigraphic occurrence of beds similar to “Poppin shale” of local usage. T, toward;

A, away. Small faults not shown.
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Table 3. Age-diagnostic taxa, zonation, and paleobathymetry of microfossils from Big Pine Road south of Bluff Campground

[Localities shown on figures 6 and (or) 7B. Arranged stratigraphically from top to bottom. See table 1 for sources of data]

Field No. Age-diagnostic and associated taxa Age or zone Paleobathymetry Remarks
V-661 Calcareous nannofossils: Sphenolithus radians, Chiasmolithus Probable CP12a Specimens frequent, poorly
grandis, Coccolithus crassus, Discoaster lodoensis, Helicosphaera preserved. Subzone tentative in
lophota, Rhabdosphaera tenuis, Discolithina distincta, absence of Discoaster
Chipfragmolithus acanthodes, Reticulofenestra samudorovi, sublodoensis. Stratigraphic
Neochiastozygus distentus position uncertain.
Benthic foraminifers: Bulimina macilenta, B. callahani, Anomalina Laiming C to Upper to middle
dorri aragonensis pseudo-C bathyal
Planktonic foraminifers: Globorotalia caucasica, G. spinulosa, P9
Globigerina inaequispira
V-743 Calcareous nannofossils: Coccolithus crassus, Helicosphaera lophota | CP11 (D.B.)
(DB)
Benthic foraminifers: Karreriella conversa, Silicosigmoilina Early to middle Lower bathyal Benthic assemblage coeval with P9
californica, Cibicidoides subspiratus, Pullenia eocenica (K.M.) Eocene (K.M.) (K-M).
V-660 Benthic foraminifers: Bulimina macilenta, B. callahani, Anomalina Laiming C to Upper to middle
dorri aragonensis pseudo-C bathyal
Planktonic foraminifers: Globorotalia caucasica, G. spinulosa, P9
Globigerina inaequispira
GP48 Benthic foraminifers: Vaginulinopsis asperuliformis, Nodosaria Early or early M5! of Vedder and others (1967).
latejugata, Rhabdamina eocenica, Tritaxilina colei, middie Eocene Benthic assemblage equivalent to
Haplophragmoides eggeri, Verneulina triangulata, (RLP) P8 to early P9 (K.M.).
Plectofrondicularia kerni, Parrella culter midwayana (R.L.P.)
Planktonic foraminifers: Globigerina yeguaensis, Globorotalia P9 to P11
aragonensis, G. spinoinflata (R.L.P.)
V-742 Calcareous nannofossils: Coccolithus crassus, Discoaster lodoensis, | CP11 (D.B.)
Discoasteroides kuepperi, Helicosphaera lophota, Toweius
magnicrassus (D.B.)
Benthic foraminifers: large assemblage (>30 taxa) (K.M.) Early to middle 22,000 m (K.M.) Benthic assemblage coeval with P8
Eocene (K.M.) to P9 (K.M.).
V-639 Calcareous nannofossils: Toweius sp., Chiasmolithus crassus, CP11
Discoasteroides kuepperi, Tribrachiatus orthostylus, Sphenolithus
radians, S. anarrhopus, Zygrhablithus bijugatus, Discoaster
lodoensis, D. barbadiensis, D. diastypus, Helicosphaera seminulum
Benthic foraminifers: Bulimina macilenta, B. callahani, Anomalina Laiming C to Upper to middle
dorri aragonensis pseudo-C bathyal
Planktonic foraminifers: Globorotalia caucasica, G. spinulosa, P9
Globigerina inaequispira
GP47 Benthic foraminifers: Martinottiella sp. cf. M. petrosa, Rhabdammina | Laiming C M47 of Vedder and others (1967).
eocenica, Haplophragmoides eggeri, Eggerella sp., Dorothia Benthic assemblage equivalent to
principiensis, Tritaxalina colei. Clavulinoides californicus, P8 to early P9 (K.M.).
Allomorphina conica, Plectofrondicularia kerni, Amphimorphina
ignota, Cibicidoides sp. cf. C. venezuelanus, Cibicides
martinezensis C. pachecoensis, Asterigina crassaformis
umbilicatula, Trifarina advena californica, Hastigerina micra,
Dentalina basiplanata, Lenticulina theta, Pleurostomella sp. cf. P.
alternans
Planktonic foraminifers: Globigerina cf. G. yeguaensis, Globorotalia | P9 to P11
aragonensis, G. spinuloinflata (R.L.P.)
V-711 Calcareous nannofossils: Zygrablithus bijugatus, Chiasmolithus CP10/CP11 (D.B) Specimens common.
grandis, C. magnicrassus, Discoaster lodoensis, Discoasteroides
kuepperi, Helicosphaera seminulum, Lophodolithus reniformis,
Sphenolithus radians, Tribrachiatus orthostylus (D.B.)
Benthic foraminifers: large assemblage (>75 taxa) (K.M.) Early Eocene >2,000 m (K.M.) Includes abundant planktonic taxa.
(KM)) Benthic assemblage equivalent to
P9 (KM.).
V-741 Calcareous nannofossils: Zvgrablithus bijugatus, Toweius CP10 (D.B.)

magnicrassus, Tribrachiatus orthostvlus (D.B.)
Benthic foraminifers: Bulimina macilenta, Cibicidoides venezuelana,
Spiroplectammina richardi (K.M.)

Middle to lower
bathyal
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Table 3. Age-diagnostic taxa, zonation, and paleobathymetry of microfossils from Big Pine Road south of Bluff Campground—Continued

Field No. Age-diagnostic and associated taxa Age or zone Paleobathymetry Remarks
V-710 Calcareous nannofossils: Tribrachiatus orthostylus (large and small) | Early Eocene(?) Very sparse flora.
(D.B)) (D.B.)
Benthic foraminifers: unidentifiable (K.M.) Casts and molds only (K.M.).

V-709 Calcareous nannofossils: Chiasmolithus grandis, Coccolithus Early Eocene Abundant flora.

formosus, Discoaster salisburgensis, Sphenolithus radians, (D.B.)
Tribrachiatus orthostylus, Zygrablithus bijugatus, Braarudosphaera
bigelowii (D.B.)
Benthic foraminifers: large assemblage (>50 taxa) (K.M.) Early to middle 2,000 to 4,000 m Includes displaced neritic indicators.
Eocene, (K.M.) Benthic assemblage equivalent to
probable early P8 to P10 (K.M.).
(KM.)
V-652 Benthic foraminifers: Anomalina garzaensis, Buliminella grata Eocene Upper to middle Approximately the same stratigraphic
bathyal position as V-709.
Planktonic foraminifers: Globigerina eocaena, G. linaperta do.

5/20/91 Calcareous nannofossils: Zygrhablithus bijugatus, Sphenolithus CP9 Contains reworked specimens of Late
radians, Tribrachiatus orthostylus, Discoasteroides kuepperi, Cretaceous Micula staurophora.
Toweius sp., Discoaster barbadiensis, D. minimus, D. falcatus,

Transversopontis pulcher, Lophodolitus mascens, Ellipsolithus
macellus
Benthic foraminifers: (Report pending)

V-658 Calcareous nannofossils: Tribrachiatus orthostylus, Sphenolithus Probable CP9 Species frequent to rare, poorly
radians, S. anarrhopus, Chiasmolithus grandis, Toweius sp., preserved. CP9 tentative in the
Discoaster delicatus, D. mediosus, Ellipsolithus macellus, Ericsonia absence of Discoaster diastypus.
subpertusa, Neochiastozygus chiastus

Benthic foraminifers: Bulimina macilenta, B. callahani, Anomalina Laiming C Upper to middle
dorri aragonensis bathyal
Planktonic foraminifers: Globorotalia formosa formosa, G. formosa P7
gracilis, G. subbotinae
V-708 Calcareous nannofossils: Neochiastozygus junctus, Coccolithus Late Paleocene Sparse, poorly preserved flora.
pelagicus, Chiasmolithus californicus?, Micrantholithus aequalis (D.B.) Limestone debris in mudstone
turbidite 3 m upsection.
Benthic foraminifers: Anomalinoides welleri, Bulimina midwayensis, | Late Paleocene Upper middle Includes displaced neritic indicators.
B. callahani, Cibicidoides dayi, C. hypalis, Osangularia (K.M.) bathyal (K.M.) Benthic assemblage equivalent to
velascoensis, Alabamina wilcoxensis (K.M.) PS5 to P6a (K.M.).

V-653 Calcareous nannofossils: Toweius sp., Discoaster multiradiatus, CP8 Contains reworked specimens of Late
Ellipsolithus macellus, Fasciculithus tympaniformis, Zygrhablithus Cretaceous Micula staurophora.
bijugatus

Benthic foraminifers: Anomalina garzaensis, Buliminella grata Eocene Upper to middle
bathyal
Planktonic foraminifers: Globigerina eocaena, G. linaperta do.

V-654 Benthic foraminifers: assemblage; age-diagnostic taxa absent Bathyal

V-655 do. Bathyal

V-656 Benthic foraminifers: Anomalina garzaensis, A. dorri aragonensis, Laiming C to Upper to middle Sampled beds may have been
Bulimina corrugata pseudo-C bathyal displaced by landslide.

Planktonic foraminifers: Globorotalia quetra P6 to P9
V-740 Calcareous nannofossils: Discoaster multiradiatus, Fasciculithus CP8 (D.B))
schaubii, Neochiastozygus distentus
Benthic foraminifers: assemblage of >20 taxa, difficult to identify Late Paleocene Middle bathyal Specimens poorly preserved.
(K.M.) (KM.) Assemblage coeval with P4 to P6
(KM.).

V-707B Calcareous nannofossils: Coccolithus pelagicus, Fasciculithus Late Very sparse specimens, abundant

tympaniformis? Paleocene(?) calcareous debris. About 50 cm
(D.B.) upsection from limestone lens.

Benthic foraminifers: Anomalinoides rubiginosus, Bulimina callahani
(KM,)
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Upper middle
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Includes displaced neritic indicators
(KM.).
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Table 3. Age-diagnostic taxa, zonation, and paleobathymetry of microfossils from Big Pine Road south of Bluff Campground—Continued

Field No. Age-diagnostic and associated taxa Age or zone Paleobathymetry l Remarks
T
V-707 Calcareous nannofossils: Coccolithus pelagicus, Discoaster nobilis, | Late Paleocene Abundant calcareous debris.
Heliolithus sp., Fasciculithus sp. cf. F. involutus (D.B.) Specimens sparse and poorly

preserved. One reworked
specimen of Cretaceous Micula
decussata. About 40 cm
downsection from limestone lens
10 cm thick.

Benthic foraminifers: Anomalinoides welleri, Bulimina cacumenta, B. | Late Paleocene Upper middle Includes many displaced upper
callahani, B. midwayensis, Cibicidoides dayi, Osangularia (KM.) bathyal (K.M.) bathyal and neritic indicators
velascoensis, Alabamina wilcoxensis (K.M.) (KM.).

V-657 Calcareous nannofossils: Toweius sp., Discoaster multiradiatus, CP8
Ellipsolithus macellus, Fasciculithus tympaniformis, F. involutus, F.
schaubi, Helicolithus kleinpelli, Zygodiscus plectopons

Benthic foraminifers: Anomalina garzaensis, A. dorri aragonensis, Laiming C Upper to middle
Bulimina corrugata bathyal

Planktonic foraminifers: Globorotalia aequa P6

V-739 Benthic foraminifers: assemblage of >20 identifiable taxa (K.M.) Late Paleocene Middle bathyal Specimens poorly preserved.
(KM.) Assemblage coeval with P4 to P6
(KM.).
5/20/91H Calcareous nannofossils: Toweius sp., Coccolithus pelagicus, CP7 Specimens rare, poorly preserved.
Fasciculithus tympaniformis, Discoaster nobilis, D. delicatus, D.
mohleri, Chiasmolithus consuetus
5/2091G Calcareous nannofossils: Toweius sp., Coccolithus pelagicus, CP7 Specimens rare, poorly preserved.
Fasciculithus tympaniformis, Discoaster nobilis, D. delicatus Contains reworked specimens of
Late Cretaceous Micula
staurophora.
AAAR0-1 Benthic foraminifers: Bathysiphon sp. cf. B. vitta, B. varians, Laiming E(?) Sample collected and analyzed by
Trochammina sp. cf. T. boehmi, Silicosigmoilina californica, AA. Almgren.
Spiroplectammina gryzbowskii

densed(?) succession at Big Pine Mountain. This belt dif-
fers only in that it locally contains thin zones of limestone
and variegated mudstone and is more than twice as thick, even
though the lower part is truncated by the Big Pine fault.

PARTLY CORRELATIVE SEQUENCES,
SOUTHEASTERN SAN RAFAEL MOUNTAINS

Upper Mono Creek-Upper Agua Caliente
Canyon Area

About 12 km southeast of Big Pine Mountain on the south
limb of Loma Pelona syncline near the juncture of Alamar
Canyon and Mono Creek, lower Eocene mudstone at the
base of the Juncal Formation rests without discordance on
unnamed Upper Cretaceous mudstone and thin-bedded
sandstone (Vedder and others, 1973), and the Sierra Blanca
Limestone is absent (fig. 3, col. 6). In the bed of Mono
Creek about 1.0 km east-northeast of The Narrows, the base
of the Juncal is marked by a 0- to 10-cm-thick layer of
poorly sorted, very fine to very coarse grained sandstone
that includes abundant subangular pebbles of mudstone and
rare rounded pebbles of limestone. A 10-m-thick sequence

of reddish and greenish silty claystone beds directly above
the base contains Zone CP11 calcareous nannofossils, to-
gether with Zone P8 to lower P9 and pseudo-C Zone fora-
minifers (Bukry and others, 1977; R.L. Pierce, written
commun., 1968; K.A. McDougall, written commun., 1993).
Early to middle Eocene nannofossil and foraminiferal as-
semblages are present in the overlying 475 m of
interbedded sandstone and mudstone in the Juncal Forma-
tion along this segment of Mono Creek.

The thin belt of reddish and greenish silty claystone
in the lower part of the Juncal Formation is traceable for
more than 10 km from the southeastern side of Sierra
Blanca Mountain, where it overlies the Sierra Blanca Lime-
stone, to the Munson Creek fault in Agua Caliente Canyon
(figs. 1A, B). The limestone, however, lenses out about 3
km southeast of Sierra Blanca Mountain, and Paleocene
mudstone beds similar to those along the south side of the
Big Pine fault are not known to be present between Alamar
Canyon and Agua Caliente Canyon. A foraminiferal as-
semblage from about 75 m below the base of the Juncal
northeast of The Narrows in Mono Creek is assigned to
Zones upper E to lower D-2 (late Campanian to early
Maastrichtian) (R.L. Pierce, written commun., 1968; W.V.
Sliter, written commun., 1992). Although there is no mea-
surable discordance across the contact, a 15- to 20-m.y.
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Table 4. Age-diagnostic taxa, zonation, and paleobathymetry of microfossils from upper Indian Creek and vicinity

[Localities shown in figures 6 and (or) 7C. Arranged stratigraphically from top to bottom. See table 1 for sources of data]

Field No. Age-diagnostic and associated taxa Age or zone Paleobathymetry Remarks
V-697 Calcareous nannofossils: Discoaster lodoensis, Coccolithus crassus, | Probable CP11 Specimens rare, poorly preserved.
C. pelagicus, C. formosus, C. g ion, Chiasmolithus grandis, Zone assignment questionable
Zygrhablithus bijugatus, Sphenolithus radians, Discoaster kuepperi owing to uncertainty of first
occurrence of C. crassus.
Benthic foraminifers: Anomalina dorri, Asterigina crassaformis, Laiming C Upper to middle Sample from reddish and greenish
Marginulina asperuliformis bathyal mudstone zone similar to “Poppin
shale” of local usage.
Planktonic foraminifers: Globorotalia aragonensis, G. caucasica, G. | P8 to P9
broedermanni, G. quetra
V-696 Calcareous nannofossils: Discoaster lodoensis, Coccolithus crassus, | Probable CP11 Specimens rare, poorly preserved.
C. pelagicus, C. formosus, C. grammation, Chiasmolithus grandis, Zone assignment questionable
Zygrhablithus bijugatus, Sphenolithus radians, Discoaster kuepperi owing to uncertainty of first
occurrence of C. crassus.
Benthic foraminifers: Anomalina dorri, Asterigina crassaformis, Laiming C Upper to middle Sample from reddish and greenish
Marginulina asperuliformis bathyal mudstone zone similar to “Poppin
shale” of local usage.
Planktonic foraminifers: Globorotalia aragonensis, G. caucasica, G. P8 to P9
broedermanni, G. quetra
V-695 Calcareous nannofossils: Discoaster lodoensis, Coccolithus crassus, | Probable CP11
C. pelagicus, C. formosus, C. grammation, Chiasmolithus grandis,
Zygrhablithus bijugatus, Sphenolithus radians, Discoaster kuepperi
Benthic foraminifers: Anomalina dorri, Asterigina crassaformis, Laiming C Upper to middle
Marginulina asperuliformis bathyal
Planktonic foraminifers: Globororalia caucasica, G. aragonensis, G. | P8 Co-occurrence of G. subbotinae and
subbotinae G. caucasica suggests assignment
to P8 rather than P8 to P9 as in
V-696 and V-697.
5/20/91K Calcareous nannofossils: Coccolithus pelagicus, C. eopelagicus, C. CP10 Specimens frequent, poorly
formosus, C. grandis, Tribrachiatus orthostylus, Discoaster preserved. Stratigraphic position
lodoensis, Zygrhablithus bijugatus, Sphenolithus radians, uncertain.
Rhabdosphaera rudis
Benthic foraminifers: Asterigerina crassaformis, Vulvulina curta Laiming C Upper to middle
bathyal
Planktonic foraminifers: Globorotalia sp. cf. G. subbotinae, G. P8
aragonensis
V-706A Calcareous nannofossils: Chiasmolithus grandis, Coccolithus CP10/CP11 (D.B.) Specimens abundant, overgrown.
magnicrassus, Discoasteroides kuepperi, Tribrachiatus orthostylus
Benthic foraminifers: large assemblage (>70 taxa) (K.M.) Early Eocene Lower bathyal Includes planktonic taxa. Benthic
(KM)) (KM.) assemblage equivalent to éarly
P9 (KM.).
V-737 Calcareous nannofossils: Chiasmolithus grandis, Discoaster Early Eocene
barbadiensis, Rhabdosphaera perlonga, Tribrachiatus orthostylus (D.B)
(D.B.)
Benthic foraminifers: large assemblage (>60 taxa) (K.M.) Early Eocene 22,000 m (K.M.) Includes abundant planktonic
(KM.) foraminifers. Benthic assemblage
equivalent to P8 to P9 (K.M.).
V-738 Calcareous nannofossils: Chiasmolithus grandis, Discoaster CP10 to CP12 Poor flora.
lodoensis, Cophodolithus nascens (D.B.) (D.B.)
Benthic foraminifers: large assemblage (>45 taxa) (K.M.) Late early Eocene | Lower bathyal Includes abundant planktonic
(KM)) (K.M.) foraminifers. Benthic assemblage
equivalent to early P9 (K.M.).
Relative stratigraphic position
uncertain.
V-694 Calcareous nannofossils: Zygrhablithus bijugatus, Sphenolithus CP9 Specimens frequent, poorly
radians, Tribrachiatus orthostylus, Discoaster kuepperi, D. preserved.
barbadiensis, Toweius sp.
V-693 Calcareous nannofossils: Micula staurophora Coniacian to Specimens rare, poorly preserved;
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interval of nondeposition and (or) erosion is indicated by
the biostratigraphic evidence; and the lowermost part of
the Juncal in Mono Creek north of the Hildreth and Munson
Creek faults correlates with only the uppermost part of the
condensed(?) succession at Big Pine Mountain.

Lower Mono Creek—Santa Ynez River Area

About 20 to 25 km south of Big Pine Mountain near
the Santa Ynez River, Campanian and older strata are dis-
conformably overlain by shale and sandstone of the Juncal
Formation, and here the Sierra Blanca Limestone has lim-
ited distribution (Page and others, 1951; Dibblee, 1966).
According to Thompson (1988), the lowermost shale beds
in the Juncal east of lower Agua Caliente Canyon contain
Zone CP11 calcareous nannofossils and Zone P8 plank-
tonic foraminifers, which suggest that a 20-m.y. hiatus
separates the Campanian strata and the base of the Juncal
Formation in that area, and beds coeval with most of the
condensed(?) succession are absent. Moreover, Thompson
(1988) reported redeposited Late Cretaceous and late Pa-
leocene calcareous nannofossils in his study area, which
suggests that strata of these ages were being eroded nearby
during deposition of the Juncal.

Near the confluence of Mono Creek and the Santa
Ynez River, the Sierra Blanca Limestone unconformably
overlies Upper Jurassic to Lower Cretaceous strata; about
2.5 to 3.5 km to the southeast near the mouth of Agua
Caliente Canyon, the limestone is unconformable on Up-
per Cretaceous strata. The Sierra Blanca Limestone in these
two areas is early Eocene in age (Sliter and others, 1994;
Whidden and others, 1995a).

PARTLY CORRELATIVE SEQUENCES,
SOUTHWESTERN SAN RAFAEL MOUNTAINS

Redrock Canyon-Oso Canyon area

In the Redrock—-Oso Canyon area about 20 km south-
west of Big Pine Mountain (fig. 1A4), lower Eocene strata
on the south side of the Little Pine fault unconformably
overlie the Franciscan Complex and were mapped as the
Sierra Blanca Limestone and Juncal Formation by Dibblee
(1966). Although biostratigraphic data from these units are
incomplete, preliminary results suggest an age range of
early to middle Eocene. Schussler (1981) reported long-
ranging Zone P4 to P10 foraminifers from glauconitic
mudstone in the fore-slope-talus limestone facies and Zone
P9 and P10 assemblages from the lower part of the Juncal.
Samples of limestone collected by K.J. Whidden in Oso
Canyon contain Zone P7 to P8 and P9 to P10 planktonic
foraminifers (W.V. Sliter, written commun., 1993; Whidden
and others, 1995a). Accordingly, this sequence includes

beds that are the same age as the uppermost part of the
condensed(?) succession at Big Pine Mountain.

Lazaro Canyon-Cachuma Creek area

About 22 km west-southwest of Big Pine Mountain,
Franciscan Complex rocks are depositionally overlain by a
small tract of lower Eocene strata along the ridge that sepa-
rates Lazaro Canyon and Cachuma Creek (figs. 1A, 1B). These
strata were mapped as the Meganos Formation by Nelson
(1925), who found orbitoid foraminifers, echinoids, and mol-
lusks in limestone at the base. The same beds were mapped
as Sierra Blanca Limestone and Juncal Formation by both
Dibblee (1966) and Hall (1981), who showed them in a fault-
bounded block within the Little Pine fault zone. Vedder and
others (1991) reported orbitoid foraminifers from the lime-
stone and early or middle Eocene planktonic foraminifers from
mudstone beds estimated to be about 45 to 75 m upsection
from the limestone. The age of these mudstone beds is here
revised to latest early and earliest middle Eocene on the basis
of recently collected samples that contain Zone CP11 or
CP12a and CP12a to CP12b calcareous nannofossils. Thus,
the highest sampled mudstone beds near Lazaro Canyon are
slightly younger than the uppermost beds in the condensed(?)
sequence at Big Pine Mountain and are partly correlative with
beds that may be as much as 1,800 m upsection from the
Paleocene limestone zones in the Bluff Campground area
south of the Big Pine fault.

COMPARABLE SEQUENCES IN ADJACENT
AREAS

Upper Pine Creek Area

Near upper Pine Creek about 30 km north-northeast of
Santa Maria (fig. 14 inset), a limited exposure of lower Eocene
mudstone on the southwest side of the Sur-Nacimiento fault
zone apparently is unconformable on Upper Cretaceous beds
(Vedder and others, 1991). Samples from the mudstone, which
is less than 25 m thick, contain Zone CP9 calcareous
nannofossils, Zone P6 to P8 planktonic foraminifers, and Zone
C to D bathyal benthic foraminifers. The presence of these
zones indicates a direct correlation of this mudstone unit with
strata in the upper part (fig. 5 and table 1, V-648 and V-649,
Zones CP9, P7, C) of the condensed(?) succession at Big Pine
Mountain.

Western Santa Ynez Mountains
Much of the Anita Shale of Kelley (1943) in the west-

ern Santa Ynez Mountains and adjacent offshore areas has
lithogenetic and biostratigraphic aspects that are similar
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to those of the condensed(?) succession at Big Pine Moun-
tain. Descriptions by several workers (Kelley, 1943; Dibblee,
1950; Weaver, 1965; and Gibson, 1976) indicate that the Anita
in its type area is about 300 m thick and consists largely of
gray clayey mudstone and siltstone beds, some of which are
tinted red and green. Limestone nodules, glauconitic zones,
and thin sandstone beds are subordinate constituents that are
only locally present. According to A.A. Almgren (written
commun., 1993), limestone beds about 15 cm thick are present
in the lower part in the type area. Biostratigraphic review and
emendation of earlier work by Almgren and others (1988)
showed that the Anita Shale includes benthic foraminifer Zones
E, D, C, and pseudo-C and calcareous nannofossil Zones CP6
to CP13 and therefore ranges in age from late Paleocene into
middle Eocene. Slow sedimentation rates in lower bathyal
depths dominated the overall depositional environment
(Almgren and others, 1988). About 15 km northeast of the
type area, a 20-m thick limestone unconformably underlies
the Anita and is assigned a late Paleocene age (Gibson, 1976;
Whidden and others, 1995a).

Although microfossil assemblages in the Anita Shale are
more diverse and better preserved than those in the con-
densed(?) succession, an unqualified correlation can be made
between the lower part of the Anita and the upper part of the
condensed(?) succession. Similarly, the belt of mudstone that
borders the south side of the Big Pine fault closely matches
the Anita, both biostratigraphically and lithologically.

ORIGIN OF THE CONDENSED(2) SUCCESSION
AT BIG PINE MOUNTAIN

Diminished sedimentation that characterizes condensed
sequences commonly is attributed to the effects of eustatically
controlled high-standing sea level or to deposition in mid-ocean
environments. Less commonly, slow sedimentation is ascribed
to blockage or diversion of the influx of terrestrial material.
To explain the origin of the condensed(?) succession at Big
Pine Mountain, several means of shutting off coarse clastic
sedimentation need to be considered. Leading causes for con-
densed successions in general include the following:

1) Eustatic high stand of sea level,

2) Formation of tectonically generated barriers,

3) Planation or subsidence of the source terrane,

4) Diversion of sediment by changes in coastal morphol-
ogy, or

5) Combinations of the above.

Global eustatic sea level curves show a generally high
stand punctuated by short-term fluctuations during late
Campanian through early Eocene time (Haq and others, 1987).
The same curves indicate that the long-term oscillations dur-
ing the same time interval were relatively subdued and that
several major condensed sequences developed worldwide. The

origin of the sequence at Big Pine Mountain, however, may
be attributable to causes other than protracted high sea level
or stacking of sediment-starved units. Among such causes,
likely contributors may have been barriers to sedimentation,
diminishment of sediment sources, and redirected sediment-
dispersal patterns. Despite the fact that evidence is incomplete
for the size and configuration of Upper Cretaceous to lower
Eocene basins in the San Rafael Mountains region,
paleobathymetric data (table 1) imply that deposition in the
basins took place mainly at mid-bathyal depths. Uncertainties
about timing of tectonic events and undetermined complete-
ness of the sedimentary record hinder confident interpretation
of the history of the condensed(?) succession. Particularly frus-
trating for making such interpretations are the gaps in the
biochronologic record, which may or may not signify episodes
of nondeposition, erosion, or biota impoverishment.

Precursory Events

On a regional scale, sediment dispersal that preceded
deposition of the condensed(?) succession at Big Pine Moun-
tain generally was westward and southward in a very large
forearc submarine-fan system (Howell and others, 1977;
Vedder and others, 1983), chiefly in bathyal environments. A
noteworthy exception to the widespread, deep-water condi-
tions are the paralic facies manifested in the narrow, 32-km-
long belt that parallels the southwest side of the Sur-Nacimiento
fault zone between South Fork La Brea Creek and Sweetwater
Canyon (Vedder and others, 1977; 1983). Clast compositions
in both the deep- and shallow-water environments suggest
derivation from partly unroofed mid-Cretaceous batholithic
rocks in the western Cordillera (Lee-Wong and Howell, 1977;
Vedder and others, 1983). The relatively rapid rate of deposi-
tion of these submarine-fan and paralic strata contrasts sharply
with the ensuing slow rate indicated by the condensed(?) suc-
cession at Big Pine Mountain (fig. 9) and the mudstone belt
along the south side of the Big Pine fault.

Tectonic events that controlled these Late Cretaceous
depositional systems are obscure. Suturing of the Stanley
Mountain and Salinia Terranes presumably was underway or
complete by early Maastrichtian time (Vedder and others, 1983;
Howell and others, 1987). Local structures that may have been
associated with such an event, however, have not been identi-
fied. Indeed, even the kinds of structures that may have devel-
oped as a result of this suturing are uncertain since the
orientation of the travel paths of these terranes and the dis-
tances traveled are debatable. Because there is no evidence
for a regional fold-and-thrust belt, orthogonal approach and
collision are doubtful. Low-oblique or subparallel travel paths
and development of transpressional and (or) transtensional
structures upon conjoinment are in better accord with dextral-
oblique plate convergence and accompanying strike-slip tec-
tonics that were operative near the end of Cretaceous time
(Page and Engebretson, 1984; Stewart and Crowell, 1992).
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Contributory Factors

The prolonged period of diminished sedimentation at Big
Pine Mountain may have resulted from a single event or a
combination of events. Likely causative circumstances include
uplift of an intervening submarine barrier ridge in concert with
planation or subsidence of the source terrane. Ancillary fac-
tors may have involved long-term sediment diversion by
changes in the submarine-fan dispersal system without a bar-
rier ridge or tectonic extension and consequent formation of
borderland-like topography. Although global sea level was
relatively high between 75 and 52 Ma, this long-term high
stand may have had little additional influence on the suddenly
reduced influx of sediment during that time. Processes accom-
panying terrane accretion, plate-motion change, and subduc-
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supposed barrier ridge but also its geographic position. Any
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Figure 9. Diagram comparing time of deposition and thickness of strata in vicinity of Big
Pine Mountain. Shaded segments represent the condensed(?) succession of mudstone (map

unit TKu, fig. 4; fig. 5).
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the Santa Ynez River east of Gibraltar Reservoir substantiates
a later phase of local uplift (Johnson, 1968; Schroeter, 1972,
Comstock, 1976; Whidden and others, 1995a). Additional evi-
dence for local uplift is the presence of abundant Franciscan
detritus in the lower Eocene limestone in the Redrock Can-
yon-Oso Canyon area (Schussler, 1981) and Lazaro Canyon-
Cachuma Creek area (Vedder and others, 1983), where the
limestone was deposited directly on the Franciscan Complex.
Because these uplift events began after initial development of
the condensed(?) succession at Big Pine Mountain, they may
have had little effect on reduced sedimentation there. Reed
and Hollister’s (1936) San Rafael uplift, a hypothetical Paleo-
gene structural high to the west and south, may have affected
depositional patterns in late early and middle Eocene time
(Thompson, 1988), but this feature may not have culminated
until Oligocene time (Vedder and others, 1991). Late Creta-
ceous, Paleocene, and Eocene events together with their ef-
fects and evidence for them are summarized in figure 10.

In the San Rafael Mountains, Late Cretaceous and early
Paleogene shorelines, insular platforms, and submarine ridges
are represented only by small remnants or are not preserved.
Consequently, a borderland-like configuration of basins and
ridges cannot be fully ascertained. Highly generalized, regional
paleogeographic reconstructions (Howell, 1975; Nilsen and
Clarke, 1975; Nilsen, 1987), however, indicate that Paleocene
and Eocene borderland features were present. Although fault-
bounded ridges of this age have not been identified, precur-
sors of the Little Pine and Camuesa faults (fig. 1B) may have
created such a ridge. It is significant that pre-middle Eocene
folding occurred in areas north of the Santa Ynez fault (Page
and others, 1951). Such local upwarping and downwarping
rather than faulting would better explain a basin-and-ridge
setting and would be comparable to the larger anticlinal welts
that form the Santa Rosa-Cortes Ridge west of Santa Cruz
and San Nicolas Basins on the modern southern California
borderland. Moreover, oblique subduction, regional wrench-
ing, and disassembly of the Late Cretaceous forearc basin
(Vedder and others, 1983; Nilsen, 1987) were conducive to
development of borderland-like morphology. Barriers to sedi-
mentation are commonplace on the modern borderland
(Gorsline, 1990). A similar setting (fig. 11), therefore, is con-
sidered plausible for the depositional environments in the San
Rafael Mountains region during latest Cretaceous and earliest
Tertiary time.

Subsequent Events

The lower and middle(?) Eocene submarine-fan deposits
that overlie the condensed(?) succession at Big Pine Moun-
tain signify renewed rapid sedimentation (fig. 10). The largely
coarse-clastic sequence that lies north and east of Big Pine
Mountain is truncated by the Sur-Nacimiento and Big Pine
fault zones, which converge to restrict the lateral extent and
vertical succession of these strata. As a result, interpretations

of depositional environments within this tract are hampered
by incomplete distributional and stratigraphic data. If not tec-
tonically rotated, the few directional features examined sug-
gest westward and southward paleocurrent flow. Because the
age of the upper part of this fault-truncated sequence is not
known, duration of sedimentation is questionable (fig. 9). At
least the lower 600 m of the 1,200-m-thick section was depos-
ited in late early and early middle(?) Eocene time, and the
entire sequence may represent a span of time as short as 5.0
m.y. Even though waning tectonism and regional lowering of
relief may have begun early in the Eocene (Howell and oth-
ers, 1987), the sandstone unit that lies north and east of Big
Pine Mountain presumably was derived from a relict high-
standing area northeast of the Sur-Nacimiento fault zone. Ac-
cording to Haq and others (1987), eustatic sea level dropped
abruptly between 49.5 Ma and 49.0 Ma. This event may have
been partly responsible for the renewed episode of rapid sedi-
mentation, but the global occurrence of such a low stand has
been challenged by Miall (1993).

South of the Big Pine fault, subsea-fan deposits are present
in the lower part of a regionally extensive remnant of an Eocene
forearc basin (Nilsen and Clarke, 1975; Howell, 1975; Th-
ompson, 1988). Within this basin remnant, lower and middle
Eocene strata are preserved eastward from East Fork Santa
Cruz Creek to Mono Creek and beyond. These strata consist
mainly of sandstone and subordinate interbedded mudstone
that conformably overlie the Upper Cretaceous to lower Eocene
mudstone belt that lies along the south side of the fault.
Throughout the southeastern San Rafael Mountains, the largely
coarse-clastic lower and middle Eocene beds are customarily
assigned to the Juncal Formation (Page and others, 1951;
Dibblee, 1966; Vedder, 1972; Vedder and others, 1973).

Post-Oligocene rotations of small crustal blocks in the
western Transverse Ranges (Hornafius and others, 1986;
Luyendyk, 1991) also may have occurred in the parts of the
San Rafael Mountains in which the condensed(?) succession
and mudstone belt are present. Recently acquired paleomag-
netic data from an area north of the Santa Ynez fault just east
of figures 14 and 1B suggest a clockwise rotation of 70° to
90° (Whidden and others, 1993, 1995b). Because the extent,
direction, and amount of late Cenozoic rotations are incom-
pletely known, the original orientation of sediment flow in
older strata is uncertain. As measured now, regional sediment-
transport directions during the Eocene were largely southwest-
ward and westward (Howell, 1975; Nilsen, 1987). Locally,
however, transport may have been northward (Comstock, 1975,
fig. 7; J.G. Vedder, Hugh McLean, and R.G. Stanley, unpub.
data, 1984, 1992-93). Although based upon a limited number
of measurements, chiefly in sandstone turbidites, this local
northward transport is supportive evidence for the presence of
short-lived, actively eroding submarine ridges or banks far-
ther south. Biostratigraphic analyses of samples from outcrops
along Big Pine Road on the north limb of Loma Pelona syn-
cline (figs. 6, 7B) suggest that the approximately 1,500-m-
thick chiefly sandstone sequence there has a short age range
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Time (Ma) Event Effects and evidence Record at Big Pine Mountain
Lithostratigraphy | Biostratigraphy
Y,
Continuing regional upliftand | Prevailing bathyal deposition of predomi- /
. erosion of granitoid plutons nantly coarse-clastic submarine-fan se-
Middle north and east of study area. quences northeast of Big Pine Mountain
and along trough of Loma Pelona syncline.
520 Sandstone quartzofeldspathic.
Renewed regional uplift and | Abrupt change from slow bathyal-abyssal
erosion of granitoid plutons sedimentation to accelerated rates in sub-
north and east of study area. marine-fan complex. Sharp contact be-
Widespread uplift to south tween mudstone sequence and quartzofeld-
Eocene and west (incipient San spathic sandstone/conglomerate sequence
Rafael uplift?). at Big Pine Mountain. Similar, less abrupt
Barly change from mudstone to sandstone along
north limb of Loma Pelona syncline.
Unconformity at base of “Poppin shale” of
local usage on south limb of Loma Pelona
syncline; continuous deposition on north
limb. Unconformity at base of Juncal For-
mation throughout southeastern San Rafa-
el Mountains. Franciscan detritus in Eocene
578 limestone south and west of study area.
Dwindling growth of subma- | Prevailing slow, deep-water deposition of
rine barrier ridge north or hemipelagic mudstone at Big Pine Moun-
east of study area. Local sea tain. Unconformity at base of Sierra Blan-
floor upwarps south of | caLimestone on south limb of Loma Pelo-
Loma Pelona syncline. nasyncline; continuous deposition of hemi-
Late pelagic mudstone and interbedded lime-
stone on north limb. Algal-bank develop-
ment on structural highs south of Loma
Paleocene Pelona syncline accompanied by northward
downslope transport of algal detritus.
Evolving borderland-like sea floor mor- /Z
| 623 phology. ?
Culmination of growth of sub- | Very slow sedimentation rates or hiatus(?).
marine barrier ridge accom- Biostratigraphic record absent. Lithostrati-
Early panied by curtailment of graphic evidence suggests continued hemi-
sedimentation to the south pelagic deposition in sediment-starved ba-
and west. sin at Big Pine Mountain.
66.4 ?
Incipient uplift of fault- | Diminishing sediment supply. Sharp contact
bounded(?) submarine ridge between sandstone turbidites and massive
between eroding plutons mudstone at Big Pine Mountain.
and northern part of study
area to form growing barrier ?
to sedimentation. 7/
Late Cretaceous - . .
Continuing uplift and erosion- | Rapid bathyal sedimentation in regional co-
al unroofing of granitoid | alescing submarine-fan system. Wide-
plutons north and east of | spread deposition of quartzofeldspathic /
study area. Persisting re- | sandstone and granitoid/siliceous metavol-
gional forearc basinremain- | canic pebble-boulder conglomerate.
ing from Cenomanian-Cam- /
nian precursor.
Ca. 75.0 perene 2 /

Figure 10. Chronology of events and geologic evidence for Late Cretaceous, Paleocene, and Eocene tectonism in San Rafael Mountains.
Estimated ages of boundaries from Berggren and others (1985). Named topographic and structural features used only as geographic
reference points and should not be construed as being present at time designated. If future work demonstrates late Cenozoic tectonic
rotations, sediment transport directions must be revised accordingly.
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within the late early to earliest middle Eocene (CP10/11 into
CP12a) (table 2), perhaps as short as 3.0 m.y.

CONCLUSIONS

Available biostratigraphic data indicate that the 350-m-
thick mudstone unit near the crest of Big Pine Mountain pos-
sibly is a condensed succession that ranges in age from latest
Cretaceous (late Campanian or Maastrichtian) into earliest
Tertiary (early Eocene). Elapsed time of accumulation may
have been as long as 22 m.y. Even though the position of time
boundaries within the succession are poorly constrained and
the presence or absence of the Danian Stage has not been de-
termined, physical evidence for stratigraphic discontinuities
are not apparent. Pre-late Paleocene and early Eocene ero-
sional events in neighboring areas, however, cannot be disre-
garded; for these events may have influenced depositional
continuity in the mudstone succession at Big Pine Mountain.
Ostensibly, the exceptionally long duration of sedimentation
in bathyal depths suggests that this possible condensed suc-
cession resulted from the tectonic development of a barrier
ridge (or system of ridges) rather than from a long-term stand
of eustatic high sea level. Perplexing uncertainties about the
origin, site, and fate of such a barrier remain. Strike-slip tec-
tonism accompanying oblique subduction and terrane accre-
tion near the end of the Cretaceous, when the Stanley Mountain
terrane presumably was juxtaposed against the Salinia terrane,
may have been partly responsible for inception of the barrier.
Barring large amounts of late Cenozoic tectonic rotation,
southwestward sediment-transport directions in the enclos-
ing strata imply that the intervening ridge lay to the north-
east. Movement along the ancestral Sur-Nacimiento fault near
the end of the early Eocene may have translocated the barrier
so that it no longer effectively blocked rapid sedimentation.

The belt of mudstone that flanks the south side of the Big
Pine fault is the same age as the condensed(?) succession at
Big Pine Mountain. Despite the presence of limestone lenses,
greater thickness, and indication of local northward sediment
transport, the mudstone belt south of the fault is believed to be
alateral equivalent of the condensed(?) succession on Big Pine
Mountain but represents a shallower facies on the flank of the
same sediment-starved basin. Restoration of about 14 km of
left-lateral strike slip along the Big Pine fault would place the
direct counterpart of the condensed(?) succession east of up-
per Mono Creek, where the mudstone beds presumably are
concealed beneath middle Eocene and younger strata. Because
at least two different high-standing areas were contributing
detritus to the basin south of the present site of the fault dur-
ing the late Paleocene and early to middle Eocene, a border-
land-like paleogeographic setting seems to be a reasonable
inference. If the late Paleocene to middle Eocene Anita Shale
in the western Santa Ynez Mountains is considered to be a
separate basin entity, and if the San Rafael high began to de-
velop at the same time, borderland topography in the Santa

Maria—Santa Barbara region was more extensive and complex
in early Paleogene time than heretofore supposed.
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environmental studies or wilderness mineral investigations.

Hydrologic Investigations A tlases are multicolored or black-and-
white maps on topographic or planimetric bases presenting a wide range
of geohydrologic data of both regular and irregular areas; the principal
scale is 1:24,000, and regional studies are at 1:250,000 scale or smaller.

Catalogs

Permanent catalogs, as well as some others, giving comprehen-
sive listings of U.S. Geological Survey publications are available under
the conditions indicated below from USGS Map Distribution, Box
25286, Building 810, Denver Federal Center, Denver, CO 80225. (See
latest Price and Availability List.)

“Publications of the Geological Survey, 1879-1961"’ may be pur-
chased by mail and over the counter in paperback book form and as a
set of microfiche.

“Publications of the Geological Survey, 1962—-1970"’ may be pur-
chased by mail and over the counter in paperback book form and as a
set of microfiche.

“Publications of the US. Geological Survey, 1971-1981” may
be purchased by mail and over the counter in paperback book form
(two volumes, publications listing and index) and as a set of micro-
fiche.

Supplements for 1982, 1983, 1984, 1985, 1986, and subsequent
years since the last permanent catalog may be purchased by mail and
over the counter in paperback book form.

State catalogs, “List of U.S. Geological Survey Geologic and
Water-Supply Reports and Maps For (State),” maybe purchased by mail
and over the counter in paperback booklet form only.

“Price and Availability List of U.S. Geological Survey Publica-
tions,” issued annually, is available free of charge in paperback booklet
form only.

Selected copies of a monthly catalog “New Publications of the
U.S. Geological Survey” is available free of charge by mail or may be
obtained over the counter in paperback booklet form only. Those wish-
ing a free subscription to the monthly catalog “New Publications of the
U.S. Geological Survey” should write to the U.S. Geological Survey,
582 National Center, Reston, VA 22092.

Note.—Prices of Government publications listed in older catalogs,
announcements, and publications may be incorrect. Therefore, the prices
charged may differ from the prices in catalogs, announcements, and
publications.






