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® EOCENE BENTHIC FORAMINIFERAL ASSEMBLAGES OF THE

PALO ALTO 7-1/2° QUADRANGLE, CALIFORNIA
o Kristin McDougall

ABSTRACT
Spot samples examined from lower Tertiary strata exposed in the Palo Alto 7-1/2’
quadrangle, California contain latest early Eocene to middle Eocene, Ulatisian and Narizian
» benthic foraminifers. Age diagnostic cosmopolitan benthic foraminiferal species suggest
. that the Ulatisian assemblages correlate best with other benthic foraminiferal assemblages
~ coeval with planktic foraminiferal zone P10, although the assemblages may be as old as
. late P9 and as young as P11, and that the Narizian assemblages correlate best with benthic
.« foraminiferal assemblages coeval with planktic foraminiferal zones late P12 through P14.
- The assemblages indicate deposition occurred at lower bathyal to abyssal depths during the
. Ulatisian and lower middle bathyal to lower bathyal depths during the early Narizian.
: Transported foraminiferal specimens are common in all all samples. The majority of the
transported specimens have upper depth limits in the outer neritic and upper bathyal
- biofacies. ~ Similar faunas are found in Vaca Valley, Pacheco Syncline and Tres Pinos
. -, sections. Although not discussed, coeval, shallower water benthic foraminiferal
. assemblages are present in the Lodo Gulch, Devils Den, Media Aqua Creek and Simi

. Valley sections.



INTRODUCTION

Lower Tertiary marine strata in the Palo Alto 7-1/2° quadrangle of the San
Francisco Bay structural block (Nilsen and Brabb, 1979) has been previously assigned to
the Chico Formation, Searsville Formation, Butano and Butano (?) Sandstone, and the
Whiskey Hill Formation (Pampeyan, in press). These sedimentary rocks which are
composed of conglomerate, sandstone, shale, siltstone and claystone, typically
unconformably overlie the Franciscan Complex of Jurassic and Cretaceous age but in one
exposure are in fault contact with Cretaceous shales (Pampeyan, in press), and in turn, they
are unconformably overlain by or are in fault contact with Miocene rocks (Pampeyan, in
press). The Whiskey Hill Formation may be as thick as 4,000 feet, but lack of exposure,
faulting and chaotic structures makes any attempt at constructing a stratigraphic sequence
difficult (Beaulieu, 1970; Pampeyan, in press). These lower Tertiary sediments have been
considered to range in age from Paleocene to Eocene based on foraminiferal interpretations
(Graham and Classen, 1955; Cummings and others, 1962; Graham, 1967; Beaulieu, 1970;
Bukry and others, 1977; M.C. Israelsky, unpublished E and R reports, 1963; R.L. Pierce,
unpublished E and R Reports, 1966; Pampeyan, in press).

A review of available microfossil samples and some newly collected material
indicates that the Whiskey Hill Formation is middle Eocene in age. Most foraminiferal
assemblages from this formation are assigned to the Ulatisian Stage which is equivalent to
planktic foraminiferal zones late P9 through P12. This age assignment is supported by the -
sparse calcareous nannofossil data from the area which indicates an age range of middle
Eocene, calcareous nannofossil zones CP12b to CP14a (Kheradyar, 1987; Bukry and others,
1977). One sample, Mf707, in the southern part of the study area contains a benthic
foraminiferal fauna which is assigned to the early Narizian Stage and considered late

middle Eocene in age.
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This paper documents and discusses the benthic foraminiferal assemblages obtained
from samples in the Eocene strata in the Palo Alto 7-1/2° quadrangle and attempts to

correlate these assemblages to other Eocene assemblages in California.

Location and samples

The Palo Alto 7-1/2° quadrangle is on the San Francisco Peninsula between San

. Francisco Bay and the Santa Cruz Mountains (fig. 1). The San Francisco Bay structural

block includes the area east of the San Andreas Fault and west of the Hayward Fault

~(Nilsen and Brabb, 1979). The extent of the Whiskey Hill Formation has been mapped by

Brabb and Pampeyan (1983), Beaulieu (1970), and Pampeyan (in press). Sample locations

are shown in figure 2. Although only one sample was examined from the Stanford Linear

. Accelerator section (SLA section) in the present study, previous workers examined material

.from this section (Beaulieu, 1970; Kheradyar, 1987).

Microfossil material examined is primarily from mapping and sampling in the Palo

_Alto 7-1/2° quadrangle by Earl Pampeyan, U.S. Geological Survey and from samples

..collected by Dr. Earl Brabb, U.S. Geological Survey. Pampeyan’s samples were originally

~ examined by M.C. Israelsky and R.L. Pierce of the U. S. Geological Survey in the 1960’s

(Appendix I). Available material consists of picked slides which were re-examined and the
benthic foraminiferal species identified (Tables 1-4). No washed residues or bulk samples
have been located.

New material collected by Earl Brabb in 1988, was disaggregated with solvent

(kerosene) and washed in water through a 63 micron screen. Benthic foraminifers were

_ picked and identified from the washed residue greater than 150 microns.

Microfossil slides are on file with the Branch of Paleontology and Stratigraphy, U.S.

Geological Survey, Menlo Park, California.



Biostratigraphic Framework

Biostratigraphic zonations developed by Laiming (1939) and Mallory (1959) are the
primary means of dating and correlating Paleogene benthic foraminiferal faunas in
California. Planktic microfossil workers have, however, demonstrated that these benthic
foraminiferal stages and zones are time transgressive (Schmidt, 1975; Steineck and Gibson,
1971; Gibson, 1976; Bukry and others, 1977; Warren, 1980, 1983; Poore, 1976, 1980).
Recently several studies reduced the problem through a multidisciplinary approach which
integrates benthic foraminiferal zonations with planktic chronologies (Almgren and others,
1988; McDougall, 1988).
2 The benthic foraminiferal zonation proposed by McDougall (1988) modifies the
zonation of Mallory (1959) and calibrates the benthic foraminiferal stages with planktic
foraminiferal and calcareous nannofossil zonations. Current work (McDougall, 1988, 1989,
1991, and unpub.) suggests that the Ynezian Stage correlates to planktic foraminiferal zone
P4 (calcareous nannofossil zones late CPS through lower CP6), the Bulitian Stage correlates
to late P4 through early P6b (CP7 through CPS8), the Penutian Stage correlates to P6b
through early P9 (CP9 through CP11), and the Ulatisian Stage correlates to late P9 through
at least P12 (CP12 through CP13) (fig. 3). Benthic foraminiferal assemblages younger than
P10 and older than P4 have not been examined yet. The upper boundary of the Ulatisian
Stage and the lower boundary of the Ynezian Stage have, therefore, not been accurately
dated.  Strata correlative to P5, P6a and early P6b (upper CP8) either contain a
nondiagnostic arenaceous fauna or are missing from most California sections.

The ranges of cosmopolitan deep-water species and California species useful in
recognition of these stages and found in the Whiskey Hill Formation are given in figure 4.

The ranges of the California species may not represent total ranges yet as only a small



.. number of sections have been examined. Both cosmopolitan and California species are
, discussed in Appendix II. For this paper, benthic foraminiferal ranges are given .in terms
» of the planktic foraminiferal zones of Blow (1969, 1979) and Berggren (1972) or
wacalcareous nannofossil zones of Bukry (1973, 1975), and Okada and Bukry (1980). Stage
g Names  are used and based on the modifications as proposed by McDougall (1988) and

% discussed above for the late Paleocene through middle Eocene.

AGE

Twenty-three samples were examined from sediments assigned to the Whiskey Hill
Formation of Pampeyan (in press). The benthic foraminiferal faunas in these samples
. include a large group of diverse assemblages that indicate a middle Eocene age and a
. smaller group of low diversity assemblages that are not diagnostic of age (Tables 1 and
.. 3). The diverse assemblages listed in (Table 1) and the poorly preserved assemblages
.. (Table 2) are assigned to the Ulatisian Stage as modified by McDougall (unpub. data) and
..coeval with planktic foraminiferal zones late P9 through P11, although these assemblages
~are most likely coeval with planktic foraminiferal zone P10. One sample, Mf707, from the
. Whiskey Hill Formation is middle Eocene in age, assigned to the Narizian Stage, and
. considered coeval with planktic foraminiferal zones late P12 through P14. The variability

in age interpretation for each sample based on benthic foraminifers is shown in figure 5.
s The diverse foraminiferal assemblages in the Whiskey Hill Formation include many
. cosmopolitan species, most are long-ranging and provide little or no data on the age of the
) assemblages. Age diagnostic cosmopolitian species useful in restricting the age include
Bulimina callahani (P6a-P10), Cibicidoides subspiralis (P9-P13), Karreriella conversa

(Cretaceous-P11), Orthomorphina havanensis (P10-younger), Pullenia eocenica (P9-P17 with

rare occurrences in zones P6b-P8), Silicosigmoilina californica (Cretaceous-P9 with rare



occurrences in zones P10-P13), Siphonodosaria gracillima (P9-P15), and Siphonodosaria
subspinosa (P10-Oligocene). Longer ranging cosmopolitan species which first appear in the
early Eocene and continue through the middle Eocene include Amphimorphina ignota,
Cibicidoides grimsdalei, Karreriella elongata, Plectofrondicularia paucicostata, and several
species of Cibicidoides, Bulimina, Buliminella, and Anomalina-Anomalinoides.  Age
diagnostic California species present include Uvigerina lodoensis mirimae (late P7-P10) and
Zeauvigerina lodoensis (P6b-P10) as well as species which are restricted to or first appear
in the Ulatisian of California: Amphimorphina california, Lenticulina ulatisian, and L. cf. L.
welchi.

Only one sample examined in the present study is from the SLA section (Mf748,
field number SLA 24+50). The age based on benthic foraminifers of this sample is middle
Eocene and ranges from P9 through P11. Nannofossils from this sample are assigned to
unit 5 of Bramlette and Sullivan (1961) by Bramlette (in Kheradyar, 1987, and Pampeyan,
in press). Unit 5 is equivalent to the Rhabdospeara inflata zone and the late CP12 Zone,
and restricts the age of Mf748 to planktic foraminiferal zone early P10.

Poorly preserved samples (Mf708, Mf736 and Mf755) from the Whiskey Hill
Formation contain low diversity assemblages that are composed primarily of arenaceous
species such as Bathysiphon, Cyclammina and Haplophragmoides (Table 2). Species
present are long ranging forms that at most suggest an Eocene age (fig. 5). Samples
Mf731, Mf733, and Mf757 contain such sparse poorly preserved benthic foraminiferal
assemblages that species and genera can not be identified. Samples Mf740 and Mf749 are
from a limestone thought to represent the lowest part of the Eocene section and mapped as
Whiskey Hill Formation (Pampeyan, in press). Two arenaceous specimens found in these

samples are not diagnostic of age. The distribution of these poorly preserved assemblages



_. is random and probably the result of weathering rather than ecologic conditions at the time

.., of deposition.

One sample from the Whiskey Hill Formation (Mf707, Table 3) contains an

% abundant, diverse benthic foraminiferal assemblage that is middle Eocene in age and

- assigned to the early Narizian Stage (fig. 5). Cosmopolitan species present in this

_assemblage include many long ranging forms which first appear in the early Eocene and

~ continue into the late Eocene or Oligocene such as Alabamina wilcoxensis, Bulimina
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alazaensis, Globocassidulina subglobosa, Hanzawaia ammophila, Nuttaloides truempyi, and
Oridorsalis umbonatus. Critical age diagnostic species are primarily forms which first
appear in the Narizian and are restricted to the West Coast- or the North Pacific such as
Bulimina microcostata, Plectofrondicularia packardi, Uvigerina yazooensis, U. garzaensis,

Valvulineria jacksonensis welcomensis, and V. tumeyensis. At this time it is not clear

.. whether deposition is continuous from the Ulatisian through the early Narizian or whether

-
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this sample is separated from the older middle Eocene faunas by an unconformity.
An Eocene age has been assigned to a number of other samples within the Palo

Alto 7-1/2° quadrangle by previous workers. Samples Mf744, Mf745, Mf739, Mf1141,

Mf1142, and Mf1143B were considered Eocene in age (Israelsky, unpublished E and R

Reports, 1963; Pierce, unpublished E and R Reports, 1966; Pampeyan, in press). Samples
Mf744 and Mf745 are from shales interbedded with Franciscan Complex (?) and were

initially interpreted as middle Eocene or older (Israelsky, unpublished E and R, 1963;
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Pierce unpublished E and R, 1966). Foraminifers are not recognized in these samples and

_ an age can not be determined. Sample Mf739 was assigned to the Eocene by Israelsky

(unpublished E and R, 1963) although the rocks were mapped as Eocene (Pampeyan, in
press). The single Tertiary planktic species present is probably the result of contamination

as Cretaceous planktic and benthic species are more common. Sliter (personnal



communication, 1992) assigns the fauna in Mf739 to the Campanian. Samples Mf1142 and
Mf1143B are from rocks mapped as Cretaceous (Pampeyan, in press) and contain an
arenaceous fauna which is not diagnostic of age (Table 4) despite the Eocene or older age
given by Pierce (unpublished E and R, Report, 1966; Pampeyan, in press). Sample
Mf1141, which is also from rocks mapped as Cretaceous, contains two lower Tertiary
benthic foraminiferal species (Table 2), Globocassidulina subglobosa which first appears in
the late Paleocene and ranges into the Eocene and younger strata, and Reusella elongata
which occurs primarily in the early Eocene (Appendix II). These species suggest an early

Eocene age for Mfl1141 but a middle Eocene age can not be ruled out.

Re-evaluation of previous studies

Benthic foraminiferal samples examined by Graham and Classen (1955) were
considered middle Eocene in age and assigned to the basal A-2 zone of Laiming (1939,
1940). Although the original slides and specimens of Graham and Classen have not been
examined, a review of the taxonomy and a revised checklist (Table 5) indicates that the
Woodside samples are middle Eocene in age and range from planktic foraminiferal zones
P10 through P13 (fig. 6). Age diagnostic species include Aragonia aragonensis (P5-P14),
Cibicidoides grimsdalei (P8-N4), Pullenia eocenica (P9-P17), Silicosigmoilina californica
(Cretaceous through P9, with rare occurrences in P10-p13), Siphonodosaria gracillima (P9-
P15), and Siphonodosaria subspinosa (P10-Oligocene). Sample 2 contains Uvigerina
garzaensis which first appears in the late middle Eocene and restricts this sample to the
early Narizian Stage. Other critical age diagnostic species which restrict the age further
are either not present in the Woodside samples or not recognized in the taxonomic notes

and plates of Graham and Classen (1955).



In another study of the Palo Alto 7-1/2’ quadrangle, Beaulieu (1970) arranged spot

.« samples from the Whiskey Hill Formation in a stratigraphic sequence which was thought to

.« Stratigraphic sequence contains a granular greenstone conglomerate near or at the base
-overlain by approximately 4000 feet of alternating arkosic sandstone and mudstone.

The conglomerate which consists mainly of greenstone with traces of chert and
other rocks, is exposed at several localities on or near the north side of Jasper Ridge
between rocks of the Franciscan Complex and the overlying sandstone (Branner and others,
1909; Graham, 1967; Beaulieu, 1970; Pampeyan, in press). The age of this conglomerate
was reported as late Paleocene, Bulitian- Stage or early Eocene, Penutian Stage (Graham,

& 1967; Beaulieu, 1970). The age of sample PA-126 (Beaulieu, 1970) recovered from the
- conglomerate was based on stratigraphic relationships and the presence of Alabamina
wilcoxensis and Discorbis baintoni (sample PA-126, Table 6) which were believed to be
_restricted to the late Paleocene, Bulitian or early Eocene, Penutian Stages. Alabamina
~ wilcoxensis, however, ranges from planktic foraminiferal zone P6a through P17 (latest
Paleocene through late Eocene) with a questionable occurrence in zone P4 and Discorbis
_ baintoni ranges from P7 through P10 (early Eocene through middle Eocene), with rare
- occurrences in P11 (see Appendix II); thus suggesting an Eocene rather than Paleocene age.
Sample PA-126 also contains Karreriella elongata which ranges from late early Eocene
. planktic foraminiferal zone P8 to Oligocene. The Jasper Ridge granular greenstone
.. conglomerate is therefore no older than late early Eocene and is probably middle Eocene in
.. age.
Although most of Beaulieu’s samples in the Whiskey Hill Formation above the
conglomerate are barren of benthic foraminifers or only sparsly fossiliferous, the age of

these samples is middle Eocene (fig. 6). A review of the taxonomy and a revised checklist



(Table 6) indicates that the majority of these samples can be assigned to the Ulatisian
Stage and are correlative with plantkic foraminiferal zone P10 but may be as old as P8 and
as young as P14. Age diagnostic benthic foraminiferal species are not common in these
samples, but the presence of Aragonia aragonensis (P5-P14) and Karreriella elongata (P8-
Oligocene) restrict the age to planktic foraminiferal zones P8 through P14. Two samples
PA-258 and M1492 are assigned to the middle Eocene part of the Narizian Stage. This
interpretation is based on the presence of Plectofrondicularia packardi and Uvigerina
garzaensis which first appear in the Narizian Stage. M1492 is a megafossil sample from
the same locality as Mf707 (this study) which was also assigned to the middle Eocene,
Narizian Stage. Again it is not possible to determine if sedimentation was continuous from
the Ulatisian through the early Narizian or whether these samples are from an overlying
formation.

Both Beaulieu (1970) and Kheradyar (1987) examined microfossils from a thick
section exposed during excavation of the Stanford Linear Accelerator trench (SLA section).
Only two Paleogene samples examined by Beaulieu (1970) contained benthic foraminifers
(Table 7). These assemblages were considered early Eocene. The presence of Pullenia
eocenica (P9-P17) and Silicosigmoilina californica (Cretaceous - P9 with questionable
occurrences in P10-P13) in these samples restricts the age to the latest early Eocene
through middle Eocene coeval with planktic foraminiferal zones P9 through P13.
Nannofossils which were interpreted as representing zones CP12 (Rhabdospeara inflata
Zone) through CPl4a (Discoaster bifax zone) (Kheradyar, 1987), range in age from latest
early Eocene through middle Eocene (fig. 6) and supports the benthic foraminiferal

interpretation.
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ECOLOGY

Deposition of the Whiskey Hill Formation occurred at lower bathyal to. abyssal

. depths (> 2000 m) with considerable material transported from shallower depths, primarily
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the outer shelf and upper slope (outer neritic and upper bathyal biofacies, 100 to 500 m).

The lower bathyal and abyssal depths are suggested by the presence of Bulimina

semicostata, Buliminella grata, Cibicidoides grimsdalei, Cibicidoides praemundulus, and
Silicosigmolina californica, which have upper depth limits in the lower bathyal biofacies,
and various species of Chrysalongonium, Glomerata, Pleurostomella, and Stilostomella,
which have upper depth limits primarily in the abyssal biofacies. Together these species
comprise less than 20% of the assemblage but are present in all but one sample.

The early Narizian sample Mf707 contains no species with upper depth limits in the
abyssal biofacies but does contain numerous lower middle bathyal and lower bathyal
species indicating a slight shallowing of water depths. Although species with upper depth
limits in shallower biofacies are common in the samples, most indicate transport. Species
with upper depth limits in the outer neritic and upper bathyal biofacies are most common

and include numerous species of Dentalina, Lenticulina, and Nodosaria. These specimens

are worn and broken, and thus support the interpretation that they were transported.

Previous studies of the Whiskey Hill Formation have suggested that deposition

occurred in the bathyal (slope) environment where turbidites and slides were occurring

(Graham and Classen, 1955; Page and Tabor, 1967; Beaulieu, 1970; Kheradyar, 1987).

The basal granular conglomerate was interpreted as being deposited in a neritic

_environment with high current action, possibly near a fault line scarp, and the overlying

_ sandstones and mudstones were interpreted as being deposited at bathyal depths (Beaulieu,

1970). The presence of Alabamina wilcoxensis (upper depth limit: lower bathyal to

abyssal; Tjalsma and Lohmann, 1983) and Karreriella elongata (upper depth limit: lower

11



middle bathyal; Ingle, 1980) suggest that despite the presence of shallow water forms in
the conglomerate (sample PA-126, Table 6; Beaulieu, 1970), deposition may have occurred
at lower bathyal depths (> 2000 m). The conglomerate was probably formed during the
transgression which followed the low stand of sea level in the late early Eocene planktic

foraminiferal zone P9.

SUMMARY AND CORRELATION

The Whiskey Hill Formation in the Palo Alto 7-1/2’ quadrangle contains latest early
Eocene to middle Eocene benthic foraminifers which are diagnostic of the Ulatisian Stage
as modified by McDougall and coeval with planktic foraminiferal zones late P9 through at
least P12 and calcareous nannofossil zones CP12 through CP13. Nannofossil studies also
suggest a latest early Eocene to middle Eocene age and assign the Whiskey Hill Formation
to calcareous nannofossil zones CP12 through CP13 and questionably to CP14a (Kheradyar,
1987; Bukry and others, 1977; Pampeyan, in press) which agrees with the benthic
foramniferal interpretations. Benthic foraminiferal assemblages suggest deposition occurred
at lower bathyal to abyssal depths.

A single sample in the present study (Mf707) and several samples from previous
studies (#2, Graham and Classen, 1955; PA-258 and MI1492, Beaulieu, 1970) contain
benthic foraminiferal species which restrict the age of these samples to the latest middle
Eocene, early Narizian Stage and coeval with planktic foraminiferal zoneslate P12 through
P15. No planktic microfossil data is available to confirm this interpretation. It is unclear
whether sedimentation was continuous from the Ulatisian through the Narizian or whether
an unconformity separates these samples from the older middle Eocene faunas in the

Whiskey Hill Formation.

12



Coeval strata are present in several key sections throughout California (figs. 7 and

..8). Ulatisian strata occurs in the Vaca Valley (type Ulatisian Stage of Mallory, 1959;

%

x

iﬁ
Aubert, 1983), Devils Den (Mallory, 1959; Poore, 1976; Berggren and Aubert, 1983;

. Boyd, 1949; Poore, 1976; Vaughan, 1976), Pacheco Syncline (Smith, 1957; Poore, 1976),

Tres Pinos (Kaar, 1962; Poore, 1976), Lodo Gulch (Martin, 1943; Israelsky, 1951, 1955;

Mallory, 1959; Bramlette and Sullivan, 1961; Schmidt, 1970; Poore, 1976; Berggren and

Warren, 1983; McDougall, unpub. data, 1988), Media Aqua Creek (Mallory, 1959, 1970;
Poore, 1976; McDougall, unpub. data, 1988), and Simi Valley sections (Browning, 1952;
Grier, 1953; Filewicz and Hill, 1983; Schymiczek, 1983). The Vaca Valley, Pacheco
Syncline and Tres. Pinos sections were deposited at depths-similar to the Whiskey Hill
Formation and thus contain numerous species in common.

In the Vaca Valley section, the presence of Karreriella elongata (Textularia elongata

. of Vaughan, 1976), Lenticulina ulatisian, and Uvigerina lodoensis mirimae (Pseudouvigerina

. ,l_?.‘h

vacavillensis of Boyd, 1949 and of Vaughan, 1949) in the benthic foraminiferal
assemblages indicates a latest early Eocene to middle Eocene age and places these
assemblages in the Ulatisian Stage as modified by McDougall. Most of the cosmopolitan
species used to restrict the age in the Whiskey Hill Formation samples seem to be missing
from the Vaca Valley Section. This is, however, probably a problem of recognition as the
original slides have not been examined and most species are not figured. Nannofossil data

indicates an age of latest early Eocene to middle Eocene zones CP12 through CP13 (Poore,

.. 1976; Vaughan, 1976). Early Eocene zone CP11 was recognized by Vaughan (1976) based

on the absence of Discoaster sublodoensis. Poore (1976) also noted the absence of

. Discoaster sublodoensis but observed that the first occurrences of Lophodolithus

mochlophorus and Rhabdosphaera tenuis approximate the first appearance of Discoaster

sublodoensis where it is rare or absent.

13



In the Pacheco Syncline, the early Eocene (calcareous nannofossil zones CP10-
CP11) Las Juntas Formation is overlain by the middle Eocene (calcareous nannofossil
zones CP12-CP13) Muir Sandstone, Escobar Sandstone, and lower Alhambra formations
(Poore, 1976; Bukry and others, 1977). Age diagnostic benthic foraminiferal faunas in this
section are not readily recognized because of the taxonomic nomenclature. Lenticulina
ulatisian and Uvigerina lodoensis mirimae (Uvigerina sp. of Smith, 1957) are present in the
Muir Sandstone and suggest assignment of the Muir Sandstone to the Ulatisian Stage
whereas the presence of Uvigerina yazooensis and Uvigerina garzaensis at the base of the
Alahambra Formation suggest assignment of the lower part of this formation to the
Narizian Stage (latest middle Eocene in age).

The distribution of benthic foraminiferal species in the Tres Pinos Section (Kaar,
1962; McDougall, unpub. data) suggests that the Bolado Park Formation is early Eocene,
and the Tres Pinos Sandstone and Los Muertos Creek Formation are middle Eocene.
Assemblages from the basal part of the Los Muertos Creek Formation (sample B-7242) are
most similar to the Whiskey Hill Formation, however, age diagnostic species are missing
from this section or not recognized due to problems in the taxonomic nomenclature and
this sample can not be clearly assigned to the early or middle Eocene based on benthic
foraminifers. Based on calcareous nannofossils, sample B7242 is assigned to zone CP11
(early Eocene) and sone Cpl2 (middle Eocene) is tentatively placed above B-7242 in an
unsampled interval of the Los Muertos Creek Formation. The upper part of the Los
Muertos Creek Formation is assigned to calcareous nannofossil zone CP13 (Poore, 1976).
The first appearance of benthic foraminifers Uvigerina garzaensis and Valvulineria
Jacksonensis welcomensis in the upper Los Muertos Creek Formations (sample B-7248 and

B-7246) suggest the early Narizian Stage.

14



Y The Lodo’ Gulch, Devils Den, Media Aqua Creek and Simi Valley sections contain
«benthic foraminiferal assemblages assigned to the Ulatisian but deposition occurred at
... Shallower depths (fig. 9). Comparisions of the benthic foraminiferal assemblages in these

~sections with those of the Whiskey Hill Formation have not been undertaken at this time.
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FIGURES
Simplified map of the western San Francisco Bay Region showing major tectonic
blocks, faults and folds as well as location of the Palo Alto 7-1/2’ quadrangle
(modified from Nilsen and Brabb, 1979).

General geology and location of samples in the Palo Alto 7-1/2° quadrangle.
U.S.G.S. microfossil localities and samples examined by Graham and Classen (1955)
are also shown on this map. Geology is simplified from Pampeyan (in press).
Sample Mf749 is just off the west edge of the map area near samples Mf744 and
Mf745.

Calibration of the California benthic foraminiferal stages as modified by McDougall
(1988, 1989, 1991, and unpub. data). Modified benthic foraminiferal stages are
calibrated to the international time scale (Berggren and others, 1985; Aubrey and
others, 1988), planktic microfossil zones (Blow, 1969, 1979; Berggren 1972; Bukry,
1973, 1975; Okada and Bukry, 1980), coastal onlap curves (Haq and others, 1987)
and oceanographic events (Kennett and Stott, 1991). Many of these correlations
have been summarized by Bartow (1992). Data on the benthic foraminifers and
correlations to international time scale is primarily from unpublished data of

McDougall.

Ranges of age-diagnostic benthic foraminifers in the Whiskey Hill Formation.
Ranges of cosmopolitan and key California species shown here are discussed and

summarized in Appendix II. Considerably more species can be used to recognize
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the benthic foraminiferal stages in California (see McDougall, 1988, 1989, 1991) but

only those present in the Whiskey Hill Formation are listed here.

Age of the Whiskey Hill Formation. Age ranges of samples from the Whiskey Hill
Formation are based on the ranges of benthic foraminiferal species (Appendix II).
Most benthic foraminiferal faunas from the Whiskey Hill Formation are middle
Eocene in age, assigned to the Ulatisian Stage and coeval with planktic
foraminiferal zone P10. The formation may be as old as early Eocene planktic
foraminiferal zone P9 and as young as middle Eocene zone P11. One sample
Mf707, although considered middle Eocene in age, is assigned to the Narizian Stage

and coeval with planktic foraminiferal zones late P12 through P14.

Age of the Whiskey Hill Formation as interpreted from previous studies and
compared to the present study. Age of strata shown by heavy lines; possible or
questionable range of strata shown by light lines. Benthic foraminiferal assemblages
examined by Graham and Classen (1955) and reinterpreted during the present study
suggest a middle Eocene age and are coeval with planktic foraminiferal zones P10
through P13. Sample 4 of Graham and Classen (1955) contains no age diagnostic
species and sample 2 which contains Uvigerina garzaensis, is restricted to the
Narizian and is probably coeval with planktic foraminiferal zones late P12 through
P13. Although not as restricted, the benthic foraminiferal assemblages examined by
Beaulieu (1970) from the Palo Alto 7-1/2° quadrangle (including the Stanford Linear
Accelerator Section), and reinterpreted during the present study suggest a latest early
Eocene through middle Eocene age and are coeval with planktic foraminiferal zones

P8 through P14. Samples PA258 and M1492 are restricted to the early Narizian
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stage and coeval with planktic foraminiferal zones late P12 through P14.
Calcareous nannofossils from the SLA section range from CP12 through CP13 and

questionably as young as CP14a (Kheradyer, 1987).
Location of key lower Tertiary sections in California.

Age range of strata in key California lower Tertiary section and the Whiskey Hill
Formation. Age of strata shown by heavy lines; possible or questionable range of

strata shown by light lines and question marks.

Late Paleocene through middle Eocene paleobatilymetery of several key California
lower Tertiary sections and the Whiskey Hill Formation. Data compiled from
Martin (1943), Boyd (1949), Israelsky (1951; 1955), Browning (1952), Grier (1953),
Smith (1957), Mallory (1959; 1970), Bramlette and Sullivan (1961), Kaar (1962),
Schmidt (1970), Poore (1976), Vaughan (1976), Berggren and Aubert (1983),
Filewicz and Hill (1983), Schymiczek (1983), Warren (1983), and McDougall (1988)
and revised by McDougall (1988; 1989; 1990; unpub. data).
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