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Strontium Isotope Evidence for the Age of the Vaqueros
Formation and Latest Oligocene Marine Transgression in
the Northern Santa Maria Province, Central California

By Margaret A. Keller, Marilyn E. Tennyson, and Rodger E. Denison'

ABSTRACT

In the northern Santa Maria province of central Califor-
nia, shallow-marine sandstone and conglomerate of the upper
Oligocene and lower Miocene(?) Vaqueros Formation locally
overlie unfossiliferous conglomerate, interpreted to be
nonmarine, which in turn overlies the Cambria Felsite; the
Vaqueros also onlaps the Cambria Felsite and Mesozoic base-
ment rocks of the Franciscan Complex. The Vaqueros Forma-
tion is in turn overlain by a Miocene and Pliocene marine
sequence of mostly bathyal mudrocks that locally includes
middle Miocene extrusive volcanics. Previous workers in this
area placed the Vaqueros within the Oligocene, not younger
than foraminifers assigned to the late Zemorrian (now
questioned) in overlying mudrocks, and not older than the
Oligocene Cambria Felsite (thought to be consanguineous
with the Morro Rock-Islay Hill complex (Ernst and Hall,
1974), which has K/Ar dates of between 27.2+0.8 Ma and
22.710.9 Ma).

In this study, strontium isotopes were measured on eight
mollusk samples from Vaqueros Formation outcrops in five
widely separated areas—two east of Cambria in Green Valley
and near Villa Creek almost due south of Black Mountain,
and three sites near San Luis Obispo along the northern limb
of the Pismo syncline. Samples from two additional areas on
the southern limb of the Pismo syncline proved to be unsuit-
able because of diagenetic replacement of shell material. Trace
elements were analyzed on four of the eight samples as an
additional criterion to determine whether diagenesis had al-
tered the original shell chemistry of these mollusks. The high
Sr concentration, small amounts of insoluble residue, and low
Mn and Fe concentrations on three of these samples indicate
that their strontium isotope ratios were probably not reset by

! Denison’s affiliation: University of Texas at Dallas, Box 830688,
Richardson TX 75083-0688

diagenesis. Thus, the measured #Sr/*Sr ratio for these samples
is probably close to the seawater ratio approximately 25 Ma.
Because this age is in close agreement with the other five
samples (24.4+1-26.3+1 Ma), even one which has anomalously
high Mn, we believe that the age of the basal part of the Va-
queros and the timing of the marine transgression that it rep-
resents fall within this range of late Oligocene to within error
of the Oligocene-Miocene boundary. Support for this age for
Vaqueros deposition comes from new “Ar/*Ar data for the
underlying Cambria Felsite (271 Ma) and earliest Miocene
calcareous nannofossils (zone CN1) in the overlying mudrocks.

INTRODUCTION

Many studies have been done in parts of central and south-
ern California on the shallow-marine transgressive sandstone
and conglomerate of the late Oligocene and early Miocene
Vaqueros Formation (Loel and Corey, 1932; Edwards, 1971;
Prior, 1974; Rigsby, 1989, 1994, 1996; Miles and Rigsby, 1990;
Rigsby and Schwartz, 1990; see also references within these
papers). The present strontium isotope study of samples from
six sections of the Vaqueros located between Pismo Beach
and Cambria in central California (fig. 1) was done in con-
junction with two other studies of the Santa Maria province
for this volume: a reevaluation of the sedimentation and tec-
tonics of the Cenozoic section of the northern Santa Maria
province between approximately Santa Maria and Point Piedras
Blancas (M.E. Tennyson, M. A. Keller, and others, unpublished
data, 1996), and an integrated biostratigrapic study—mainly
of Miocene marine mudrocks—throughout the Santa Maria
province by the UNOCAL paleontology and stratigraphy group
(M.L. Cotton and others, unpublished data, 1996). The latter
study utilized foraminifers, diatoms, calcareous nannofossils,
and palynomorphs. Detailed descriptions of the
lithostratigraphy and biostratigraphy of the sections where the
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Vaqueros was sampled for the present report are contained in
these two studies; preliminary results are given in abstracts
(Tennyson, Keller, and others, 1990, 1991).

The Vaqueros Formation in this region of central Cali-
fornia (fig. 1) had been thoroughly described (Prior, 1974)
and mapped (Hall, 1973a, b, 1974; Hall and Prior, 1975; Prior,
1974) before the detailed studies of this project (M.L. Cotton

Lower Miocene sedimentary rocks.
{ Consists of non-marine conglomerate,
d Vaqueros Formation, and Rincon Shale.

Cambria Felsite and Morro Rock-
Islay Hill Complex

o74 Mollusk sample
Syncline
Fault

and others, unpublished data, 1996; Tennyson, Keller, and oth-
ers, 1990, 1991, unpublished data—1996). However, even
though the Vaqueros commonly has fossiliferous beds with a
shallow-marine fauna including pectens, oysters, barnacles,
and echinoid parts (Prior, 1974), its age is problematic. Fur-
thermore, in some locations such as where the Vaqueros over-
lies much older Mesozoic basement or where the top is eroded,

35° 45’

35° 30

—35°

1é0° 45'

120° 15'

Figure 1. Index map of the northern part of the Santa Maria province in central California, showing field identification numbers and
location of mollusk samples. Abbreviations: GV, Green Valley; VC, Villa Creek.
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its age cannot be narrowly constrained by bounding forma-
tions (fig. 2). Also, many studies have hypothesized or con-
cluded that the Vaqueros is not the same age everywhere—a
reasonable hypothesis for a transgressive deposit (Prior, 1974,
Rigsby, 1996; T. H. McCulloh, oral commun., 1989).

Prior to the studies described in this volume, only a few
K-Ar radiometric ages had been determined on the volcanic
units in the region, and none had been done on the Cambria
Felsite, which could serve as an older limit for the Vaqueros
Formation. Ernst and Hall (1974) inferred the age of the
Cambria Felsite to be the same age as the Morro Rock-Islay
Hill complex, or between 27.240.8 Ma and 22.740.9 Ma (ages
corrected from Turner (1968) and Turner and others (1970)
by P. Weigand, written commun. (1986)). In addition, the sci-
ence of biostratigraphy had not advanced to the point of using
the much higher age resolution possible with calcareous
nannofossils as compared with benthic foraminifers. Thus, the
younger limit for the age of the Vaqueros could only be con-
strained by the benthic foraminiferal stage of the mudrocks
overlying the Vaqueros. Prior (1974, p. 33) speculated that the
Vaqueros might be of slightly different ages in different parts
of his study area based on the stage found in the basal sections
of these mudrocks (in most places Zemorrian, but in a few
Saucesian). He noted (p. 32) the presence of the Zemorrian
Stage in the Cambria and Cypress Mountain areas, which con-
strained the upper part of the Vaqueros in his study to no
younger than late Zemorrian (now considered Saucesian by

Monterey
Formation

Obispo
Formation

Rincon
Shale

Vaqueros
Formation
Non-marine
Conglomerate

Cambria
Felsite

Franciscan
Complex

M.L. Cotton and others, unpublished data, 1996). Thus, Prior’s
(1974) study bracketed the age of the Vaqueros between the
time of deposition of nonmarine conglomerate, which in some
places overlies the Cambria Felsite, and deposition of overly-
ing bathyal mudrocks of the Sandholdt Member of the
Monterey Formation (Rincon Shale of this study, and as used
by Hall and others, 1979). Prior’s (1974) study placed all these
units in the Oligocene, except for a few places where he found
Saucesian foraminifers in the basal mudrocks.

The major focus of this study is to directly determine the
age of the Vaqueros Formation and the timing of the marine
transgression that it represents in this area of California. Be-
cause the lower part of the Vaqueros commonly contains a
variety of bivalve mollusks, we have dated the lower Vaque-
ros by comparing strontium isotope values from shell mate-
rial to seawater strontium isotope ratios determined from Deep
Sea Drilling Program (DSDP) and Ocean Drilling Program
(ODP) cores from the open ocean. Because the upper part of
the Vaqueros in this area does not contain macroinvertebrates,
we have only addressed the age of the lower part of the Va-
queros with this methodology. This has largely been possible
because of advances during the past decade in ¥Sr/%Sr stratig-
raphy owing mainly to its integration with DSDP/ODP
magnetostratigraphy (Miller and others, 1988; Hess and oth-
ers, 1989; Oslick and others, 1994), but also to advances in
identifying and dealing with diagenetically altered shell ma-
terial. Our results and conclusions are contained in this report.

Monterey
Formation

VVVVVVVVVY
VVVVVVVVYVYVY
VVVVVVVVVY

Obispo
Formation

Rincon E========7
Shale E========3

Vaqueros
Formation

Franciscan
Complex

Figure 2. Schematic lithologic columns for the Vaqueros Formation and bounding rock formations in the Green Valley
and Villa Creek areas (A) and the Pismo syncline (B). Rock units not to scale.
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STRATIGRAPHY AND DEPOSITIONAL
ENVIRONMENT

In central and southern California, shallow-marine sand-
stone and coarser clastic rocks of the late Oligocene and early
Miocene Vaqueros Formation commonly overlie a range of
older rocks: nonmarine, and in places marine, conglomerate
and coarse clastics, and onlapped older formations and base-
ment rocks (Prior, 1974; Fisher, 1977; Rigsby, 1996). In the
northern Santa Maria province of central California, the Va-
queros Formation typically overlies nonmarine conglomerate
or onlaps 27+1 Ma Cambria Felsite (Tennyson, Keller, and
others, 1991) or basement rocks of the Franciscan Complex
(fig. 2). The Vaqueros Formation is in turn overlain by a bathyal
marine mudrock sequence of Miocene and Pliocene age con-
sisting of the Rincon Shale (lower Miocene), the Monterey
Formation (Miocene), and the basal part of the Pismo Forma-
tion (upper Miocene). This bathyal sequence is capped by shal-
low-marine and nonmarine coarse clastics of Pliocene and
Pleistocene age consisting of the upper part of the Pismo For-
mation (upper Pliocene), the Careaga Sandstone (Pliocene),
and the Paso Robles Formation (Pleistocene) (Hall and oth-
ers, 1979). The Obispo Formation, a major volcanic unit in
the area, was extruded during and after deposition of the lower
Miocene Rincon Shale (Fisher, 1977; Schneider and Fisher,
1996).

Deformation and uplift caused erosion of much of the
late Paleogene and Neogene section, leaving only discontinu-
ous remnants of the basin-filling sequence that are generally
not well exposed (fig. 1). However, common elements in the
sections (fig. 2) can be observed from place to place, all of
which suggest that the sedimentary sequence represents depo-
sition in a variety of shallow-marine (as also noted by Prior,
1974) and nonmarine environments along a variable coastline
during and after a major marine transgression. Subsequent to
this transgression, the shallow-marine rocks, as well as all older
rocks and basement, were onlapped by very deep marine
mudrocks, deposited as these basins subsided abruptly and
precipitously sometime during the earliest Miocene (Tennyson,
Keller, and others, 1991).

Prior to deposition of the early Miocene bathyal
mudrocks, some evidence for gradual transition from very
shallow shoreline settings to deeper marine, probably shelf
environments exists in some Vaqueros Formation sections. At
a location east of Villa Creek (where fossiliferous Vaqueros
conglomerate and sandstone onlap the Franciscan; see figs. 1
and 2), the section consists of Cambria Felsite overlain by
fluvial or deltaic sandstone and conglomerate, which is over-
lain by massive fine-grained sandstone approximately 1-2 m
thick, underlying bathyal mudrocks. This fine-grained, angu-
lar to subangular, glauconitic sandstone is well cemented at
its base, forming a very sharp contact with underlying pebble
conglomerate; it grades upward from very fine grained,
uncemented sandstone to poorly exposed mudrock. The sand-
stone, a lithologic, stratigraphic, and age equivalent of the Va-

queros, contains abundant glauconite as well as fish bones
and other fish parts, suggesting deposition in an offshore ma-
rine, probably shelf environment. The fish parts add additional
support for this interpretation. Based on the presence of te-
leost vertebrae and indeterminate scale fragments, a ctenoid
fish scale, the tooth of an odontaspid shark—possibly
Carcharis sp, and a tooth crown from an indeterminate
squaloid shark; the environment of deposition for the sand-
stone could be outer shelf or deeper (B.J. Welton, written
commun., 1993). Hall and others (1979) and M.E. Tennyson,
M.A. Keller, and others (unpublished data, 1996) also note
glauconitic sandstone, stratigraphically equivalent to the Va-
queros, present in other sections in this region, as well as in
some places overlying the shallow-marine fossiliferous Va-
queros strata, recording the transition from nearshore deposi-
tion to deposition of bathyal mudrocks.

SAMPLE COLLECTION

In conjunction with a study by M.E. Tennyson, M.A.
Keller, and others (unpublished data, 1996), the sedimentary
section of late Paleogene and early Neogene age at many of
Prior’s (1974) sites and other locations was studied through-
out the northern Santa Maria province between Santa Maria
and Point Piedras Blancas (fig. 1). From these outcrops, 10
mollusk samples, both pectens and oysters, were collected from
the Vaqueros Formation located in seven widely spaced ar-
eas—in Green Valley, near Villa Creek, and from five areas of
the Pismo syncline, three on the north limb and two on the
south limb (fig. 1).

Macrofossil-bearing beds occur in many places in the
lower part or at the base of the Vaqueros Formation sections
in this region. Typically, the sections have one fossiliferous
bed or lens that contains shell material suitable for strontium
isotope analyses. However, some sections have several fossil-
iferous units, and these sections could be more carefully or
extensively studied to determine the duration of time for a
part of Vaqueros deposition. This was not possible within the
scope of our study. Thus, we analyzed shells from two differ-
ent beds at only one location near Villa Creek (fig. 1). For our
three samples from the Villa Creek site, one is from the basal
part of the Vaqueros (#231) and the other two (at #229) are
different shells from the bed directly overlying #231.

Our two northernmost samples (#117, 245) are from
Green Valley, the only sections we sampled for strontium where
the Vaqueros Formation overlies nonmarine conglomerate.
Sample #117 is from a roadcut along Highway 46, and #245
is from the Bassi Ranch section southeast of Highway 46. At
all of our other sites along the Pismo syncline and at Villa
Creek, the Vaqueros rests unconformably on Franciscan Com-
plex basement. Of our five samples from the Pismo syncline,
the two (#52 , 55) from the south limb were judged to be too
altered for analysis. On the north limb of the syncline we
sampled the Vaqueros at three places: (1) on a ridge adjacent
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to Islay Creek in Montafia de Oro State Park (#47), (2) west of
San Luis Obispo near the crest of See Canyon Road (#9), and
(3) south of San Luis Obispo and east of Highway 101 on
private property (#74) (fig. 1).

METHODOLOGY AND RESULTS
Strontium Isotope Measurements

All samples were analyzed at Mobil Research Labs in
Dallas. Samples were prepared in the following manner. A
thin section was made and the shell material examined for
visual evidence of alteration or replacement as well as for its
original characteristics. For example, oysters were examined
to identify foliated layers. Fibrous structure layers tend to ex-
change with foreign strontium more easily. For samples pass-
ing these visual tests, the shell material was crushed into
<5-mm pieces, from which the best pieces were picked using
a binocular microscope. The translucent foliated pieces were
selected from the oyster samples. Magnetic separation was
then utilized to remove pieces with high Fe. For four of our
samples from Villa Creek and Green Valley, trace element
chemistry was also done before strontium isotope analysis as
an additional means to determine the likelihood of alteration
affecting the strontium isotope composition of the shell dur-
ing diagenesis.

The strontium separation and measurement techniques
have been given elsewhere (Denison and others, 1994). All
sample measurements are based on an assumed ¥Sr/*Sr value
of 0.71014 for NBS 987. We also report the results as a differ-
ence from modern seawater as

ASW=(¥St/*Sr  #1Sr/%Sr

modern seawater

X10°.

The measured value for modern seawater is 0.709073%3
The calculated ASW for NBS 987 is +106.7.

¥S1/*Sr values for the eight samples of this study are
reported in table 1 along with an analytical error for individual
measurements, which is our estimate of reproducibility for
mass spectrometer runs at the 95 percent confidence level.
The apparently equivalent age reported in table 1 was derived
from the Oligocene seawater curve of Oslick and others (1994),
which is based on the geomagnetic polarity time scale of Cande
and Kent (1992). The error of +1 million years given for all
the age values is our estimated range for the total analytical
error possible in these determinations. We also calculated ap-
parently equivalent age values for our data using other seawa-
ter Sr/*Sr curves (Miller and others, 1988; Hess and others,
1989). In all cases using these other seawater curves, our data
yield ages that are slightly older, but not by more than 1 mil-
lion years, and within the late Oligocene.

Our ASW values range from —104.1 to -93.8 and equate
to apparently equivalent ages of 26.4 to 24.4+1 Ma (table 1).

The ASW data cluster around two values at approximately —
95.5 and —103 (fig. 3). One possible interpretation of the two
clusters is that the basal part of the Vaqueros Formation is not
the same age in all our sections. However, because our results
are indistinguishable within the analytical uncertainty of our
measurements, and because of other geologic considerations,
we favor the interpretation that our Vaqueros samples are
very close to the same age but have yielded different 8Sr/%Sr
values.

The Vaqueros Formation is approximately 24.7+1 Ma in
four of our sections (average of apparent ages) and slightly
older, 26.3x1 Ma, at a fifth section (#74) in the Pismo syn-
cline. At a sixth section near Villa Creek, where we measured
881/%Sr in two beds, the isotope data indicate that the basal
Vaqueros bed is apparently younger than the overlying bed.
No data from this outcrop indicate that this older (26.3+1 Ma)
over younger (24.9+1 Ma) relationship is geologically rea-
sonable. Therefore, although our data do not clearly show that
the basal Vaqueros beds are the same age in all our sections,
we believe that this is the most plausible interpretation of our
results because the difference between the two apparent ages
at Villa Creek and their inverted relationship, as well as the
apparent age differences between our other five sections, could
be a result of either the precision of our measurements or slight
diagenetic alteration of the original seawater strontium ratio.

The range in our strontium isotope ratios can be accounted
for within the precision of our measurements. However, we
cannot rule out minor diagenetic effects, although we care-
fully screened for them and eliminated some shell material
from strontium analysis because of obvious alteration, based
on both visual examination and chemical analyses. In most
areas the trend of isotope alteration is toward higher ratios,
but in areas of rapid Cenozoic sedimentation it is not unusual
to find pore waters containing strontium with a lower ratio
(Denison and others, 1993). Another recently documented
potential influence on the strontium isotope ratios of mollusks
in marginal marine settings is freshwater flux (Bryant and oth-
ers, 1995). However, because of the consistency of our data
set over a broad geographic region, and also based on inde-
pendent geologic data, we consider the effects of diagenesis
and freshwater flux, if present in our samples, to be minor. We
have no evidence to indicate which of our isotope values is
closest to the original seawater ratio.

Most of the geologic data indicate that this late Oligocene
transgression happened rapidly and at essentially the same time
throughout the region, as well as in adjacent areas to the south
and southeast (Lagoe, 1988; Rigsby, 1989, 1996; Howard,
1995). We thus conclude from the isotope data that the basal
part of the Vaqueros Formation of this region was deposited
during the latest Oligocene or near the Oligocene-Miocene
boundary (26.4+1 to 24.4+1 Ma). This conclusion is supported
by independent evidence for the age of regional bounding
strata. At the sections (1) in Green Valley, (2) about 5 mi south-
east of our Villa Creek section, and (3) about 3 mi north of
San Luis Obispo, mudrocks overlying the Vaqueros contain
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Table 1. Sample data and ¥Sr/%%Sr analyses for shell fragments from the Vaqueros Formation

Laboratory  Field ID and Percent 1 3 Apparently

sample ID  location insoluble 875r/86s, 2ASW equiv. (Ma) age Remarks

8942 #9 Pismo syncline 0.9 0.708127+24 -94.6 24.6+1 Pecten fragments

8943 #47 Pismo syncline 1.0 708135423 -93.8 24.4+1 Oyster fragments

8945 #74 Pismo syncline 0.3 70804132 -103.2 26.3+1 Oyster fragments

8990 #117 Green Valley 0.5 708100219 -97.3 25.1+1 Mollusk

12224 HP2  #229 Villa Creek <0.1 .708032+26 -104.1 26.4+1 Pecten fragments

12224 HP3  #229 Villa Creek <0.1 .708043+13 -102.7 26.2+1 Pecten fragments

12225 HP  #231 Villa Creek <0.1 .708109+19 -96.4 24 9+1 Pecten fragments

12226 HP  #245 Green Valley <0.1 708117433 -95.6 24.8+1 Fibrous oyster fragments

1
8781/868r normalized to NBS 987 = 0.71014. Quoted precision is 95 percent confidence level for mass

spectrometer runs.

2 ASW = (87Sr/86Sr unknown - 87Sr/86Sr modem seawater) X 105. Modem seawater = 0.709073.
3 Apparently equivalent age is from the seawater curve of Oslick and others (1994) based on the

geomagnetic polarity time scale of Cande and Kent (1992).

earliest Miocene (zone CN1) calcareous nannofossils. New
“Ar/*Ar data for the underlying Cambria Felsite give its age
as 271 Ma (M.E. Tennyson, M.A. Keller, and others, 1991,
unpublished data—1996). Further strontium isotopic age reso-
lution will require carefully chosen and screened shell samples,
more analyses from the same bed, and also ¥’Sr/**Sr dating of
foraminifers in the overlying mudrock.

TRACE ELEMENT CHEMISTRY

Quantitative trace element analysis is a valuable technique
for determining which carbonate samples are likely to have
retained the original seawater *’St/*Sr ratio. Denison and oth-
ers (1994) determined that the concentrations of Sr, Mn, and
Fe varied most systematically with diagenetic alteration. They
found that shelf limestones high in Sr and low in Fe and Mn
are most likely to have retained the original seawater ¥Sr/*Sr
ratio. If the Mn content is larger than 300 ppm and the Sr/Mn
ratio is less than 2.0, the original ¥’Sr/*Sr value is likely to be

altered. Jones and others (1994) found that increases in Fe
and, to a lesser extent, Mn signaled a potentially changed ¥Sr/
8Sr value in Jurassic belemnites and oysters; shells with less
than 150 ppm Fe and less than 25 ppm Mn were found to be
most reliable.

Major and trace elements were determined on five
samples using ICP (Induction Coupled Plasma) spectrometry
at Mobil Research Labs in Dallas, Texas. In table 2 we report
five such analyses, but only four were analyzed for strontium
isotopes. The first three analyses are from different shells taken
from the same bed (#229). The first sample listed (#12224
HP1) was eliminated owing to elevated Fe, Ba, and Mn con-
tents before isotope analysis. The second and third shells from
this same bed yielded very similar strontium isotope results
and appear to have run well, yet they are from the Villa Creek
section, which has an apparent inverted age relationship. The
basal Vaqueros Formation (#12225 HP) in this same section
has the highest St/Mn value and yielded a younger equivalent
age. Our final sample from Green Valley (#12226 HP) has a
very high Mn content, yet it yields an age similar to most of

1 ele o |

-93.0 -95.0 -97.0

-99.0

-101.0 -103.0 -105.0

ASW values

Figure 3. Plot of ASW values from table 1. Note that all points represent single data values for basal Vaqueros Formation
sections except for three values from the Villa Creek section (—96.4 from the basal bed and —102.7 and —104.1 from the

overlying bed).
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Table 2. Chemical analyses of selected shell fragments from the Vaqueros Formation

CaO
Laboratory THEO MgO  NapO K20 Fe Ba Sr Mn Zn P Ti Rb
sampleID  weight weight weight weight (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm} (ppm)
percent percent percent percent
12224 HP1 55257  0.090 0247 0222 S70 334 558 587 <137 91 <69 <344
12224 HP2 55260  .097 182 309 242 313 807 350 <137 87 <68 <342
12224 HP3.  55.386  .094 189 216 154 110 803 295 <143 72 <72 <358
12225 HP 55.426  .102 192 162 259 97 859 179 <135 85 <67 <337
12226 HP 55.040 229 199 310 68 <33 347 2000 <133 93 <67 <334

1Ca0 THEO = theoretical CaO in CaCO3,

the other samples from the basal part of the Vaqueros sections
in our study.

SUMMARY AND CONCLUSIONS

In this study we measured strontium isotopes on eight
mollusk samples from six Vaqueros Formation sections in five
different areas of the northern Santa Maria province—in Green
Valley, near Villa Creek almost due south of Black Mountain,
and at three sites along the northern limb of the Pismo syn-
cline. Samples from two additional areas on the southern limb
of the Pismo syncline proved to be unsuitable due to diagen-
esis. Trace elements were analyzed on four of the eight samples
as an additional criterion to determine whether diagenesis had
altered the original shell chemistry of these mollusks. The high
Sr content, small amount of insoluble residue, and low Mn
and Fe contents for three of these samples indicate that their
strontium isotope ratios are likely to have retained the origi-
nal seawater ¥’Sr/*Sr value, yielding apparent ages of 26.4+1
to 24.91+1 Ma. Because this range is very similar to the age
range determined for the other five samples (26.3+1 to 24.4+1
Ma), even one which has an anomalously high Mn content,
we believe that the age of the basal part of the Vaqueros and
the timing of the marine transgression that it represents fall
within this range of late Oligocene to within error of the Oli-
gocene-Miocene boundary.

These results suggest a relatively short time period, pre-
viously not recognized, for the initiation of Vaqueros Forma-
tion deposition throughout this area. The duration of deposition
cannot be determined in this region using strontium isotopes
because most Vaqueros sections contain megafossils only near
the basal section. In one section, where mollusks from two
beds were analyzed, the apparent ages may be reversed, al-
though the results are not distinguishable beyond analytical
uncertainty. Nonetheless, there is surprising consistency in the
determined ages, and consistency is one of the most powerful
criteria for retention of the original isotope ratio. We interpret

these ages to be close to the time of deposition of the Vaque-
ros Formation. Independent confirmation of this interpreta-
tion comes from earliest Miocene nannofossils in overlying
mudrocks and from “Ar/*Ar data indicating an age of 27+1
Ma for the underlying Cambria Felsite (M.E. Tennyson, M. A.
Keller, and others, 1991, unpublished data—1996). We con-
clude that the sequence of events beginning with eruption of
the Cambria Felsite, followed by deposition of nonmarine con-
glomerate and subsequent deposition of shallow-marine con-
glomerate and sandstone of the Vaqueros happened rapidly
over a short period of time during the latest Oligocene.
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Stratigraphic Sections and Gamma-Ray Spectrometry
from Five Outcrops of the Monterey Formation in
Southwestern California: Naples Beach, Point Pedernales,
Lion’s Head, Shell Beach, and Point Buchon

By Jon R. Schwalbach' and Kevin M. Bohacs?

Abstract

The combination of detailed outcrop descriptions and
natural gamma-ray spectrometry is a powerful method for the
interpretation of fine-grained strata. The gamma-ray spectra
of outcrop sections of the Monterey Formation reveal many
compositional and stratigraphic aspects: lithologic variation,
organic matter content, hydrocarbon source quality, and stratal
stacking. These data, when regionally distributed and com-
bined with chronostratigraphic data, enable the identification
of significant stratigraphic surfaces, the development of se-
quence stratigraphic frameworks, and the assessment of depo-
sitional processes and controls.

Based on the evaluation of five outcrop sections of the
Monterey Formation, potassium(K) and thorium (Th) are in-
dicators of detritus content (7* = 0.75 vs. AL O,); high levels of
thorium occur coincident with volcanic ash beds; uranium (U)
correlates with total organic carbon content (TOC; 7 = 0.80);
and K/U correlates with hydrocarbon source quality measured
by alumina/TOC.

Utilizing the strong dependence of gamma-ray spectra
on lithologic composition, the variable but generally good
quality of age control for some of the outcrops, and the broad
geographic distribution of the outcrops, we have clearly shown
that the lithofacies comprising the Monterey Formation are
time transgressive. Thus, the data are particularly valuable for
constraining depositional models within a stratigraphic frame-
work. The outcrop gamma-ray data are also essentially equiva-
lent to the gamma-ray data collected from borehole logging
tools, and therefore they provide a critical link between out-
crop observations and subsurface prediction.

'Exxon Company, USA, P.O. Box 5025, Thousand Oaks, CA, 91359.
2 Exxon Production Research Company, P.O. Box 2189, Houston,
TX, 77252.

INTRODUCTION

This paper presents data for five measured sections of
the Monterey Formation located in southwestern California.
These five measured sections are from well exposed coastal
outcrops at Point Buchon, Shell Beach, Lion’s Head, Point
Pedernales, and Naples Beach (fig. 1). The outcrops occur over
a broad geographic area and exhibit significant lateral and
vertical stratal variability.

Studies of fine-grained rocks are often hindered by our
inability to quantify compositional variation during outcrop
description. Particularly in the Monterey Formation, the fine-
grained nature of the strata, the overprint of silica diagenesis,
and the subtle textural variation limit our field descriptions to
a qualitative assessment of rock composition (Isaacs, 1981a).
We collected spectral gamma-ray surveys of the outcrops in
conjunction with sedimentologic and stratigraphic descriptions
as a method of quantifying key components of rock composi-
tion. The detailed lithostratigraphy, in conjunction with the
gamma-ray data, is a critical element for our interpretation.
The links between the composition and the physical stratigra-
phy, reflected by lamina, bed, and bedset geometry and by the
stratal stacking of the lithofacies, are emphasized. Identifying
major stratal surfaces and deciphering indicators of bottom
energy levels add important dimensions to the interpretive
scheme (Bohacs and Schwalbach, 1992).

Natural gamma-ray spectrometry measures the distribu-
tion of three elements in sedimentary rocks: uranium (U), po-
tassium (K), and thorium (Th). The distribution of these
elements reflects the composition of the lithofacies compris-
ing the Monterey Formation. Potassium and thorium are reli-
able indicators of detritus (r°=0.75 vs. Al,O,), although high
levels of thorium are also associated with volcanic ash beds.
Total organic carbon content (TOC) is accurately predicted
from uranium (r*=0.80). The ratios of these elements (such as
K/U) have been used to predict source-rock quality (Bohacs,
1993; Bohacs and Schwalbach, 1994).
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Thus, the gamma-ray spectra provide compositional data
that help to reveal lithologic variation, stratal stacking pat-
terns, and significant stratigraphic surfaces. These data have
been interpreted in terms of mudrock depositional environ-
ments (Zelt, 1985; Myers and Wignall, 1987; Bohacs and
Schwalbach, 1992). Spectral gamma-ray profiles of outcrop
sections are useful for regional correlations and provide a
crudely quantitative comparison of different outcrop sections.
Since the outcrop data are essentially equivalent to data col-
lected by the Natural Gamma-Ray Tool (NGT) from boreholes,
outcrops can also be correlated to subsurface well bores
(Schwalbach and Bohacs, 1992b).
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DATA COLLECTION
Lithofacies

The fine-grained nature of the rocks comprising the
Monterey Formation hinders megascopic determination of
composition. A number of excellent field guides have been
published that deal with the complexities of lithologic descrip-
tion of the Monterey Formation (Bramlette, 1946; [saacs, 1980,
1981a, b; Dunham and Blake, 1987). These publications pro-
vide rock-naming schemes based on outcrop observations and
simple physical tests that can be conducted in the field. Isaacs
(1981a) has investigated the reliability of these tests to dis-
cern mineralogic composition and has reported on some of
the limitations.

The most complete descriptions of these fine-grained
rocks integrate results from mineral identification by X-ray
diffraction, major element composition from X-ray fluores-
cence, petrography, and analysis of physical properties. The
basis for lithofacies designation in this study rests predomi-

# outcrop location
x well location

™. Santa Maria
) 20 kilometers

basin

Santa Barbara
Basin

Pacific Ocean

Figure 1. Base map of study area, illustrating the location of the five outcrop sections and the offshore wells

referenced in this study.

Q2 Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



nantly on the excellent work of Isaacs (1980, 1981a,b), with
some slight modifications suggested by Dunham and Blake
(1987) and Bohacs (1990). Isaacs’ initial work followed de-
scriptions offered by Bramlette (1946), Keene (1975), and
Murata and Larson (1975). She showed that compositional
variations are partially reflected in the physical properties of
the rocks. However, differences in porosity and diagenetic
grade also affect physical rock properties and make precise
assessment of composition based on physical properties im-
practical. The large component of biogenic silica and the pro-
cesses of silica diagenesis cause textural variations that are
only partly related to rock composition.

Most lithofacies schemes characterize the rocks of the
Monterey Formation within a three-component system, com-
prising varying amounts of biogenic silica, detritus, and car-
bonate. Relatively minor components, such as apatite and
pyrite, are difficult to fit into these schemes. Their presence
and abundance, however, provide valuable insights about depo-
sitional environment and diagenesis. A very generalized ter-
nary lithology diagram that identifies compositional fields for
most common Monterey rock types is shown in figure 2. Ma-
jor fine-grained lithofacies described in the outcrop sections
include dolomite and (or) limestone, chert, porcelanite, sili-
ceous shale, clay shale, and phosphatic shale. The composi-
tions of these fields are not rigidly defined because the
rock-naming schemes are at least in part based on textural and
physical properties.

Neatly classifying the lithofacies of the Monterey For-
mation is also complicated by the presence of additional rock
types. Volcanic ash beds, phosphates, siltstones, sandstones,
and conglomerates occur in Monterey strata. Isaacs (1981a)
notes the high degree of compositional variability that can

Detritus

Siliceous-

Porcelanite Dolomite/

Chert Limestone

Biogenic Silica Carbonate
Figure 2. Ternary diagram illustrating approximate composition
of lithotypes of the Monterey Formation (from Schwalbach,
1992).

occur on the bed (centimeter) to lamina (millimeter) scales.
Dunham and Blake (1987) point out the gradational spectrum
between porcelanite, siliceous shale, and clay shale, and the
subjectivity of assigning lithofacies based solely on physical
criteria.

The criteria used during this study (a modification of a
scheme offered by Bohacs, 1990) for field classification of
Monterey lithofacies are summarized in table 1. Most of these
criteria agree fundamentally with characteristics designated
for lithofacies by Isaacs (1981a,b) and Dunham and Blake
(1987), and the schemes may be used nearly interchangeably.
However, the limitations of physical and textural-based
schemes remain.

Despite the limitations of lithotype designation in the
field, careful analysis and classification of the fine-grained
Monterey rocks using physical criteria can be used to assess
relative compositional variation. The proportions of clay shale,
siliceous shale, and porcelanite (each with progressively less
detritus content, respectively) co-vary with the thorium and
potassium concentrations (indicators of detritus) as measured
by the outcrop gamma-ray spectrometer. Some of our outcrop
data illustrate this relation. For example, in carbonate-free
rocks, the silica/detritus ratio relates to physical rock proper-
ties such as resistance to erosion, brittleness and fracture char-
acter, hardness, texture, and sound emitted by hammer tap
(Isaacs, 1981a). Petrographic work, elemental analysis by X-
ray fluorescence, and sample reaction to HCl indicate that the
Point Buchon section is relatively carbonate free. Therefore,
physical characteristics and spectral gamma-ray data reflect
compositional variation at Point Buchon in a reasonably
straightforward manner.

Gamma-Ray Spectrometry

A gamma-ray survey was collected during litho-
stratigraphic description of the outcrops at Naples Beach, Point
Pedernales, Shell Beach, and Point Buchon. At Lion’s Head,
the measured section published by Dunham and Blake (1987)
served as a framework for collecting the gamma-ray survey.
We used a hand-held gamma-ray spectrometer (Scintrex GAD-
6, with a sodium iodide crystal detector, GSP-3S; see Scintrex,
1979) to measure total gamma radiation and the individual
contributions from uranium, thorium, and potassium.

Gamma radiation was measured for each litho-
stratigraphic package, provided that the thickness of the pack-
age was at least 30-50 cm. The maximum spacing between
measurements in homogenous intervals was about 1.5 m.
Larger gaps between gamma-ray measurements generally in-
dicate outcrop access problems or covered intervals.

The ideal detector to sample geometry is a flat, planar
outcrop surface over an area of approximately 1.5 m2 The
gamma-ray detector, placed in the center of the sample area,
is calibrated to measure the elemental concentration of K (per-
cent), U (ppm), and Th (ppm) for the half-sphere of rock
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Table 1. Field characterization of lithotypes of the Monterey Formation (modified from Bohacs, 1990).

Conglomerate/ Siliceous Clay Phosphatic
Attributes Sandstone Chert Dolomite Porcelanite Shale Shale Shale
Luster - Fresh Dull, grainy Glassy, waxy  Dull Matter Dull, Matte Dull, Waxy Dull
surface
Fracture Character ~ Grainy Smooth, Rough, Rough, Rough and Rough Rough
Conchoidal Splintery Splintery Rounded
Grain size:
Median Cgl>2 mm <0.002mm  Clay, Silt <0.06 mm <0.06 mm <0.06 mm < 0.06 mm
0.06 < Ss < 2mm .
Range Wide 0 e Wide — e Silty Mudstone to Clay Shale ------
Hardness - > Steel < Steel < Steel << Steel << Steel << Steel
>3 (3to5) (£3)
Luster: Scratch - No scratch White, dull White, dull Dull Waxy Waxy
Effervescence in
HC1 * None None Powder only None None Strong to None (calcareous)
Nodules:
Present As clasts None Some None Some Some to Abund to some
none
Color Dark to light - Dark to light ~ ---—-- Dark to light ~ Dark to light ~ White, cream
Habit Rounded @ - Rounded . --- Rounded to lrregular --- Irregular to rounded
Mineralogy Apatite, - Chet - -- Dolomite, Chert, Apatite --  Apatite

Dolomite, Chert

Note: Apatite nodules are soft (< 3) but in general are more resistant to weathering than the surrounding shale;

they range in size from < 0.001 to > 5 cm

* Each main siliceous and clay lithology is modified as calcareous or non-calcareous according to effervescence

directly surrounding it. The largest contribution of gamma-
ray counts comes from the rocks closest to the detector. Rocks
at the outer edge of the sphere contribute to a lesser extent.
These geometric constraints as applied to the typical outcrops
of the Monterey Formation that we measured are illustrated in
figure 3. Our goal during gamma-ray surveying was to match
the ideal geometry as much as possible. More specific details
of the techniques and a review of some geologic applications
can be found in Zelt (1985), Myers and Wignall (1987), and
Schwalbach (1992).

Data Resolution

Evaluating the resolution of the elemental data from the
spectral gamma-ray data is somewhat subjective. Outcrop
samples relate to very specific stratal intervals, typically 1.cm
thick. Sample volume is on the order of a cubic centimeter.
Outcrop gamma-ray measurements have a much larger sample
volume (on the order of cubic meters). Therefore, individual
hand samples from outcrop are not strictly compatible with
outcrop gamma-ray spectrometer survey points, and the two
data sets cannot rigorously be compared using routine statisti-
cal techniques.

This situation bears some resemblance to the problem of
matching traditional core-plug mineralogic data to various
geophysical well logs. One approach has been to use strip
samples along the core length to derive volume-averaged min-

eralogy (D. Fitz, Exxon Production Research, Co., written
commun., 1986; Isaacs, 1992; Piper and Isaacs, 1995). How-
ever, it was not practical nor politically acceptable to conduct
such sampling of long stretches of outcrop.

Laboratory-derived data points from hand samples and
gamma-ray measurements along the profiles of the Shell Beach
and Point Buchon outcrops are compared in figures 4 and 5.
In both examples, the values for the hand samples generally
bracket the curve generated from the gamma-ray spectrom-
eter survey. The values for the discrete hand samples range
higher and lower than the spectrometer values, an expected
result given the different sample sizes and the thinly bedded
heterogeneous strata.

ROCK COMPOSITION, ELEMENTAL
CONCENTRATIONS, AND GAMMA-RAY
SPECTRA

First-order controls on the abundance of uranium, potas-
sium, and thorium in sedimentary rocks are depositional envi-
ronment and diagenesis. The radioactive elements are generally
associated with clay minerals, organic matter, heavy minerals
such as zircon and rutile, or concentrated in volcanic ash beds.
Diagenetic processes can alter these elemental abundances.

The relations among rock composition, elemental con-
centrations, and spectral gamma-ray data are the basis of this
discussion. The link between these parameters provides a
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coastal cliff exposures of these outcrops, gamma-ray survey-
ing requires only about five additional minutes per meter of
stratigraphic section. This is a relatively small expenditure of
time considering the wealth of compositional data gained by
employing the technique.
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