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MIDDLE TERTIARY SEDIMENTATION AND TECTONICS
OF THE LA HONDA BASIN, CENTRAL CALIFORNIA
Richard G. Stanley

ABSTRACT

Middle Tertiary sedimentary and volcanic rocks in the Santa Cruz Mountains and northern Gabilan
Range were deposited in the La Honda basin. These rocks record the change from convergent to
transform tectonics accompanying collision of the Farallon-Pacific spreading ridge with the California
coast about 30 m.y. ago. The upper Eocene (Refugian) to lower Miocene (Saucesian) section is 2-3 km
thick, exhibits rapid lateral facies changes and several unconformities, and includes shelf and turbidite
sandstones, nonmarine redbeds, anoxic shales, basin-plain mudstones, and volcanic rocks.

Depositional systems were identified in the field using sedimentary structures and vertical sequences.
Paleogeographic maps were constructed using benthic foraminiferal paleobathymetry, paleocurrents, and
inferred depositional systems and provenance.

Normal convergence along the continental margin during the late Eocene and early Oligocene was
associated with low rates of subsidence in the La Honda basin, and slow hemipelagic deposition of the
Narizian Twobar Shale and the Refugian to lower Zemorrian Rices Mudstone in lower bathyal basin-plain
environments.

Major restructuring of the basin during the middle Oligocene—including uplift and erosion of the
basin margins, movement along the Zayante-Vergeles fault, and marine regression—apparently resulted
from the approach and collision of the Farallon-Pacific ridge with the California margin. A fan-delta and
submarine fan complex represented by the Vaqueros-and Zayante Sandstones was fed by braided streams
flowing northward from a nearby granitic highland.

An episode of extension marked by volcanism, marine transgression, rapid subsidence, and formation
of a pull-apart occurred near the Oligocene-Miocene boundary. The extension may have been related to
passage of the Mendocino triple junction or to regional transtension along the San Andreas fault.

Basin-wide uplift and erosion near the Saucesian-Relizian boundary about 18 m.y. ago may have
been a response to northward subcrustal migration of the subducted Mendocino fracture zone or to
regional transpression along the San Andreas fault.

Paleobathymetric evidence suggests that the La Honda and San Joaquin basins were once contiguous
but have been separated by right-slip along the San Andreas fault amounting to 330 km since the late
Zemorrian and 320 km since the Saucesian.
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INTRODUCTION

The La Honda basin of central California persisted through most of the Tertiary Period as a marine
embayment on the western margin of the North American continent. The marine history of the basin has
ended--although perhaps only temporarily--and is recorded by a pile of sedimentary and volcanic rocks
more than 8 km thick that has been folded, faulted, and uplifted to form the modern Santa Cruz
Mountains and northern Gabilan Range.

The geology and geologic history of the La Honda basin are extremely complex. This complexity
reflects the fact that, throughout its history, the La Honda basin has been located on or near the
tectonically active boundary between the North American continent and various oceanic plates of the
Pacific Basin. The history of this plate boundary is still poorly understood; it apparently was a
convergent boundary at some times, a translational boundary at others, and often a combination of the
two. The changing modes of plate interactions had local tectonic effects that were recorded by patterns of
sedimentation in basins, like the La Honda basin, that occur along the plate boundary. A detailed
knowledge of the histories of such basins is potentially valuable in deciphering the history of plate
interactions along the California margin, in refining hypotheses of the plate tectonic evolution of the
northeastern Pacific, and in understanding the relationships between plate motions and sedimentary basin
evolution.

This report focuses on the history of the La Honda basin during the middle Tertiary, a time of
substantial tectonic activity associated with the end of subduction in central California and the birth of
the modern San Andreas transform. The upper Eocene to lower Miocene rock record of the basin is 2 to 3
km thick and exhibits rapid lateral variations in sedimentary facies and stratigraphic thickness, several
local and regional unconformities, and locally thick accumulations of volcanic rocks. Stratigraphic units
deposited during this interval comprise a wide variety of different lithologies that interfinger with each
other in complex ways and include shelf and turbidite sandstones, nonmarine redbeds, laminated anoxic
shales, bioturbated basinal mudstones, and volcanic rocks. The general stratigraphy and structure of
these rocks are fairly well known as a result of many years of study by earth scientists and students of
Stanford University, the University of California, and the U.S. Geological Survey. The middle Tertiary of
the La Honda basin is therefore ripe for re-evaluation in the light of recent advances in biostratigraphy,



paleoecology, sedimentology, and tectonics.

The goals of this report are to reconstruct the middle Tertiary history and paleogeography of the La
Honda basin and to interpret these in terms of plate interactions as well as paleoceanographic events such
as worldwide changes in sea level. My research strategy, described in detail in the section on "Methods,”
consisted of (1) recognition of major depositional systems, their ages, and relationships to each other, and
(2) construction of paleobathymetric and paleogeographic maps for several time horizons by integrating
information on foraminiferal paleobathymetry, depositional systems, paleocurrents, and provenance.

The results of this study shed additional light on the birth and history of the San Andreas transform
during the Oligocene. Over much of central California, rocks of Oligocene age are either missing or
consist mainly of nonmarine facies. Therefore, the thick Oligocene marine record in the La Honda basin
offers an uncommon opportunity to understand the important events that occurred along the California
continental margin at this time. In addition, the paleobathymetric and paleogeographic maps presented
in this report may provide a framework for future detailed studies of sedimentology, paleoecology, and
diagenesis, and may be applicable to exploration for oil and gas.

REGIONAL SETTING
Introduction

The name "La Honda basin” was first proposed by Cummings and others (1962, p. 236) to describe a
Tertiary depositional basin that occurred in the area of the modern Santa Cruz Mountains. The name La
Honda is preferred over the alternative ”"Santa Cruz basin” (Gribi, 1957, Beaulieu, 1970) because the
latter is also the name of an offshore basin in the modern southern California continental borderland.

Lower and middle Tertiary rocks of the La Honda basin are now preserved in outcrop and in the
subsurface in an area about 110 km long and 25 km wide, stretched out parallel to the San Andreas fault
and extending from near San Juan Bautista in the southeast to Montara Mountain in the northwest.
Originally the depositional basin was much larger, but exactly how much larger we cannot say because
much of the lower and middle Tertiary rock record has been removed by erosion. In addition, major parts
of the original basin have been truncated and carried away by strike-slip movement on the San Andreas
and San Gregorio-Hosgri faults, as discussed below.

The Salintan Block

The La Honda basin is located west of the San Andreas fault on the Salinian block, an allochthonous
tectonostratigraphic terrane whose structure, origin, and history are the subjects of much debate (J. G.
Vedder and others, unpublished report, 1981). The Salinian block is traditionally regarded as a sliver of
crust underlain primarily by granitic and metamorphic basement rocks that probably represent the roots
of a late Mesozoic Andean-type volcanic arc. The Salinian block is clearly out of place in California, for
it is bounded on either side by major faults, the San Andreas on the east and the Sur-Nacimiento on the
west. In addition, the Salinian block is completely surrounded by rocks of the Franciscan Complex that
probably represent one or more accretionary wedges that developed in one or more late Mesozoic-early
Cenozoic subduction zones (Page, 1981, 1982). The site of origin and mode of emplacement of the
Salinian block are unknown. The Salinian block may represent a former, southward continuation of the
Sierra Nevada granitic belt that has been transported to its present position by strike-slip motion on
faults of the San Andreas and proto-San Andreas systems (Dickinson, 1983). Alternatively, limited
paleomagnetic evidence suggests that the Salinian block originated at the latitude of Mexico or Central
America, traveled northward about 2500 km by unknown tectonic processes, and collided with southern
California during early Tertiary time (Champion and others, 1981; J. G. Vedder and others, unpublished
report, 1981). Whatever its origin and early history, the Salinian block must have been present in
California prior to deposition of the early to middle Eocene Butano-Point of Rocks submarine fan, which
consists of coarse sediment that was derived from a Salinian granitic source area and was deposited by



northward-flowing turbidity currents in a basin that straddled the future trace of the Neogene San
Andreas fault (Clarke and Nilsen, 1973; J. G. Vedder and others, unpublished report, 1981).

Restoration of Neogene Deformation

In order to understand the early and middle Tertiary paleogeographic setting of the La Honda basin,
one must first recognize and palinspastically restore the effects of Neogene strike-slip faulting. Large
right-lateral displacements along the San Andreas, the San Gregorio-Hosgri, and other strike-slip faults
have resulted in slicing and northwest-southeast elongation of the Salinian block, as well as transport of
the block--together with the superjacent La Honda basin--several hundred kilometers to the northwest
relative to the adjacent North American continent (Graham, 1976, 1978).

Detailed studies of offset geologic features such as ancient shorelines, submarine fans, and volcanic
fields show that about 305 to 330 km of right-lateral displacement has occurred along the San Andreas
fault since early Miocene time (Dickinson, 1983; Graham, 1976, 1978, and references therein). An early to
middle Eocene submarine fan system--the Butano-Point of Rocks fan mentioned earlier—is offset by this
amount, as is the lower Miocene Pinnacles-Neenach volcanic field, suggesting that little or no strike-slip
movement took place along the San Andreas fault between middle Eocene and early Miocene time (Clarke
and Nilsen, 1973; Nilsen and Link, 1975). Palinspastic restoration of 305 to 330 km of right-lateral
displacement along the San Andreas fault suggests, therefore, that from middle Eocene to early Miocene
time the La Honda basin west of the fault and the San Joaquin basin east of the fault were joined
together as a single large basin (Figure 1). This interpretation is confirmed by similarities between the
two sub-basins in late Eocene to early Miocene molluscan faunas and paleogeographies (Addicott, 1968),
and also by evidence from benthic foraminiferal paleobathymetry presented later in this report. Several
authors have argued for an earlier, pre-middle Eocene period of movement along the San Andreas, and the
possible significance of this ”proto-San Andreas” fault is discussed in the section on "Early Tertiary
Paleogeographic Setting.”

Studies of offset geologic features along the San Gregorio-Hosgri fault suggest that about 105 to 160
km of right-lateral displacement has occurred along this fault since the late middle Miocene (Graham and
Dickinson, 1978a, 1978b; Graham and Peabody, 1981; Nagel and Mullins, 1983; Clark and others, 1984).
Therefore, the western part of the early to middle Tertiary La Honda basin may have been carried away
by right-lateral movement on the San Gregorio-Hosgri fault and may now lie along the coast or in the
area offshore between Point Reyes and Point Arena (Figure 1). However, this basin fragment has not yet
been identified.

Early Tertiary Paleogeographic Setting

The early Tertiary (Paleocene and Eocene) paleogeography and history of central California are
poorly understood and controversial because much of the rock record has been eroded away, and also
because much of the record that remains has been dramatically altered by Neogene deformation as noted
above. However, studies based on geologic field work and on plate reconstructions from geophysical
evidence suggest that during Late Cretaceous and early Tertiary time the central California coast was a
convergent margin, with oceanic crust of the Farallon plate being consumed in an east-dipping subduction
zone beneath the North American continent (Dickinson and others, 1979). The main paleogeographic
features of this margin were largely inherited from the older and more vigorous Mesozoic convergent
margin and included (1) an ancestral Sierra Nevada, a mountainous area consisting of the uplifted and
exposed granitic roots of the Mesozoic magmatic arc; (2) a large and deep trough-shaped marine basin, a
remnant of the Jurassic and Cretaceous Great Valley forearc basin; and (3) a trench and accretionary
complex, represented by the Franciscan Complex, along the continent-ocean interface (Dickinson and
others, 1979; Nilsen and McKee, 1979). This simple three-part paleogeography was disrupted in late
Paleocene to early Eocene time by the emplacement of the Salinian block into the old arc-trench gap
along the western margin of the old forearc basin (J. G. Vedder and others, unpublished report, 1981).
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Although the exact mode of emplacement of the Salinian block is unknown, the final stages of its
arrival were apparently accomplished by movement along an inferred right-lateral strike-slip fault termed
the proto-San Andreas fault. Little is known about the offset history or even the location of the proto-San
Andreas fault. It may have consisted of a braided system of fractures analogous to the modern San
Andreas system. One of these fractures, for a time at least, may have followed the same pathway as the
modern San Andreas fault proper, but proto-San Andreas activity on this trace must have ceased prior to
deposition of the early to middle Eocene Butano-Point of Rocks submarine fan (Nilsen and Clarke, 1975).
Speculatively, right-lateral movement on the proto-San Andreas system may have continued into the late
Eocene along the Pilarcitos, Zayante-Vergeles, Sur-Nacimiento, or unidentified offshore faults, as
suggested later in this report. Right-lateral motion along the proto-San Andreas system was probably
driven by oblique subduction (Graham, 1978; Dickinson and others, 1979; Dickinson, 1983). The proto-
San Andreas may therefore have been broadly analogous to the modern Semangko fault of Sumatra
(Garfunkel, 1973; Carlson, 1982).

Wrench tectonism along the proto-San Andreas is believed to have caused extensive faulting and
fragmentation of the Salinian block, resulting in a borderland topography of basins and ridges broadly
analogous to the modern southern California continental borderland (Figure 2; Nilsen and Clarke, 1975).
The early Tertiary borderland was characterized by small, deep, fault-bounded basins--including the La
Honda basin—that were separated from each other by uplifted blocks of granitic basement. These
borderland basins subsided rapidly and were filled mainly by coarse-grained deep-sea fan deposits derived
from the vigorous erosion of the adjacent granitic highlands. Wrenching and the formation of these
basins may have begun as early as Late Cretaceous (Howell and Vedder, 1978; Howell and others, 1980)
but the La Honda basin apparently did not form until the late Paleocene or early Eocene when the
Locatelli Formation and Butano Sandstone were deposited. Some of the early Tertiary borderland basins
were very short-lived; examples are the small Paleocene basins recorded by the Carmelo Formation at
Point Lobos, and the unnamed turbidites at Point San Pedro on the northern flank of Montara Mountain
(Nilsen and Yount, 1981). However, other borderland basins—including the La Honda and Salinas basins-
-persisted as deep-water marine basins through much of the Tertiary and accumulated sedimentary
sections that are many kilometers thick.

Plate Motions

A number of models based on studies of magnetic stripes on the ocean floor have been proposed to
explain the Cenozoic plate tectonic evolution of the northeastern Pacific. Such models, including those of
McKenzie and Morgan (1969), Atwater (1970), Atwater and Molnar (1973), Carlson (1982), and
Engebretson (1982), have had an enormous impact on our understanding of California geology because
they provide a framework in which to understand the relationships between plate motions and the rock
record. Most significantly to this thesis, these studies imply that the western margin of the North
American continent was a convergent plate boundary from at least the Late Cretaceous until about 30
m.y. ago during the Oligocene, when the Farallon-Pacific spreading center collided with the continent to
create a complex transform fault boundary, the modern San Andreas fault system (Figure 3).

While this basic story is widely accepted, there is still much disagreement over important details
such as the rates and directions of convergence and the timing of important changes in plate motions.
Reconstructions of plate motions prior to 30 m.y. ago are hampered by a lack of knowledge of the
displacement between the continent and the Farallon plate, which has been largely consumed by
subduction. However, a recent study by Carlson (1982) uses indirect evidence from hot spot traces and
other data to infer the following three-part history of Cenozoic plate interactions along the California
coast (Figure 4).

(1) From at least 60 m.y. ago to about 42 m.y. ago, relative motion between the Farallon and North
American plates was oblique convergence, which resulted in an unknown but possibly very large amount
of right-lateral displacement along the inferred proto-San Andreas fault system. As previously noted,
wrench tectonism along this fault system produced a continental borderland of ridges and basins,
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including the La Honda basin.

(2) Between 42 and 30 m.y. ago convergence along the California coast was nearly normal (i.e., the
motion of the Farallon plate was perpendicular to the offshore trench). Many of the basins formed during
the earlier period of oblique subduction—including the La Honda basin—continued to subside and
accumulate sediment, although at much lower rates as shown later in this report.

(3) About 30 m.y. ago, but perhaps as late as 28 m.y. ago (Engebretson, 1982), the Farallon-Pacific
spreading ridge collided with the trench, resulting in regional uplift (T. H. Nilsen, unpublished report,
1982), the creation of the Mendocino and Rivera triple junctions, and the birth of the modern San
Andreas transform. The length of the transform increased as the Mendocino and Rivera triple junctions
migrated north and south, respectively. The Mendocino triple junction may have slid past the La Honda
basin about 20 m.y. ago, and its passage may be related to a period of volcanism, rapid subsidence, and
marine transgression in the basin (Dickinson and Snyder, 1979). This possibility is discussed later in this
report.

In addition to the major changes in plate interactions at 42 m.y. and 30 m.y. noted above, other
minor readjustments in the rates and azimuths of plate motions at about 55-50 m.y., 37 m.y., 10 m.y.,
and 4.5-5 m.y. have been reported in the literature. These minor readjustments may have had tectonic
effects that are recorded in the rock record. For example, a major regional unconformity in the La Honda
basin at the Eocene-Oligocene boundary may be related to an episode of tectonism associated with the
change in plate motions at 37 m.y. noted above. Along translational margins, changes in the azimuth of
plate motions can result in components of convergence or divergence that cause regional compression or
extension and episodes of uplift, subsidence, or volcanism. A major period of basin expansion in central
California about 10 m.y. ago may have been caused by extension due to a shift in the relative motion of
the Pacific and North American plates (Blake and others, 1978). Another change in plate motions about 5
m.y. ago resulted in a component of convergence along the Pacific-North American transform boundary
and may have been partly responsible for the dramatic late Cenozoic folding and uplift of the Coast
Ranges (Engebretson, 1982, p. 148).

Interpretation of the rock record in terms of plate motions is further complicated by other regional
events that are only indirectly related to plate motions. For example, an episode of widespread uplift and
erosion that formed a regional unconformity at about the Paleocene-Eocene boundary may have been
associated with a major reorganization of plate motions in the Pacific basin about 55-56 m.y. ago
(Engebretson, 1982; Carlson, 1982) or, alternatively, may be related to the collision of the Salinian block
with coastal California (J. G. Vedder and others, unpublished report, 1981).

It is clear that changes in plate motions can strongly affect the development of sedimentary basins
along active continental margins. In practice, however, correlations of specific plate tectonic events with
specific events in the rock record are subject to uncertainties. Calculations of Tertiary plate motions are
based on several assumptions that are widely accepted but may be in error (Molnar and Stock, 1981;
Carlson, 1982; Engebretson, 1982). In addition, due to biostratigraphic problems discussed later in this
report, the timing of some major events in the rock record of the La Honda basin is only generally known.
For these reasons, my correlations of plate tectonic events with events in the La Honda basin, while
reasonable, are only tentative and may have to be revised as better tectonic models and more refined
dating become available.

Climate and Eustasy

Although the major controls on sedimentation in the La Honda basin were probably tectonic,
worldwide changes in climate and sea level may also have played a role. The Oligocene was an unusual
period in earth history. Compared to the Eocene and Miocene, world climate during the Oligocene was
generally cooler and more extreme, based on evidence from oxygen isotopes and the fossil record (Savin,
1977; Ingle and others, 1976; Ingle, 1979; Leckie and Webb, 1983; Snyder and others, 1984). Perhaps as a
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result, many groups of organisms--plants and animals, marine and terrestrial--suffered higher than normal
rates of extinction during the Oligocene (Cifelli, 1969; Addicott, 1970; Kurten, 1971; Fischer and Arthur,
1977). The extinctions and resulting low species diversity are of practical consequence, for the resolution
of biostratigraphic zonations based on planktic microfossils is much lower for the Oligocene than for the
Eocene or Miocene (Moore and Romine, 1981).

The middle Tertiary climatic changes were associated with major worldwide changes in sea level,
although the causes and precise timing of these eustatic events are controversial (Vail and others, 1977;
Donovan and Jones, 1979; Mathews and Poore, 1980; Kerr, 1980; Heller and Flessa, 1981; Miller and
Olsson, 1981). A major eustatic sea level fall occurred about 29 m.y. ago during the late Oligocene, and
according to Vail and Hardenbol (1979) sea level dropped ”considerably more than 200 meters in a period
of one to two million years.” This event is recorded by unconformities and regressive sequences on
continental margins over most, but perhaps not all, of the world (Pitman, 1978; Ingle, 1979; Vail and
Hardenbol, 1979; Angstadt and others, 1983). In the La Honda basin and several other central California
basins the record of the 29 m.y. eustatic drop is masked by a regional unconformity and major regression
caused by an important episode of tectonic uplift associated with collision of the Farallon-Pacific
spreading center with the continent, also about 29-30 m.y. ago. This cruel coincidence between major
eustatic and tectonic events is discussed in detail in a later section of this report.

Other major sea level drops also occurred during the middle Tertiary about 40 and 22.5 m.y. ago
(Vail and Hardenbol, 1979), but in the La Honda basin the records of these also are apparently masked by
tectonic events. In general, the effects of eustatic sea level changes are difficult to recognize in basins
along tectonically active continental margins because the rates of eustatic changes are often less than
rates of sedimentation and tectonically controlled subsidence (Howell and von Huene, 1981). As a
practical matter, the correlation of specific unconformities and regressive sequences with Vail and
Hardenbol’s eustatic drops depends in large part on precise biostratigraphic correlation, something that is
very difficult to achieve in the La Honda and other Tertiary basins in central California.

METHODS
Research Strategy

The principal goal of this research is to reconstruct the middle Tertiary paleogeography and geologic
history of the La Honda basin. To achieve this goal I used an approach to basin analysis similar to that
used by Graham (1976) in his comprehensive study of the Salinas basin. The main components of my
research strategy are discussed in some detail below.

Depositional Systems

A major focus of this research was the recognition of major depositional systems (Dickinson and
Graham, 1975), their ages, and their relationships to each other in time and space. Sedimentary
structures and stratigraphic cycles observed in the field were interpreted as products of depositional
processes, environments, and systems by analogy with published studies of modern and ancient
sedimentation. The ages and stratigraphic relations of depositional systems in the La Honda basin are
based mainly on previous studies of biostratigraphy and map relations, but also partly on my own field
work and interpretations of well logs.

Field work for this study was conducted intermittently from 1979 to 1982. My field investigations
consisted mainly of reconnaissance traverses along several dozen streams and roads in the area. Several of
these traverses covered stratigraphic sections that were previously measured and described in the
literature, but I also measured several new sections. In all these traverses and sections my major emphasis
was on the description and interpretation of sedimentary structures and textures, and stratigraphic cycles.
I also collected several hundred rock specimens for planned future studies of sedimentology and
sedimentary petrology.



12

Laboratory examination of rock samples for this report was limited. I briefly examined several
dozen polished sections and thin-sections stained for calcite and potassium feldspar using standard
procedures (Friedman, 1971; MacKinnon, 1980). X-ray diffraction was used to identify silica and
carbonate minerals in some mudrocks, and carbonate cements in some sandstones.

The bedding terminology used in this report is that of Campbell (1967, p. 19). The naming of
limestones, sandstones, and mudstones follows the classifications of Dunham (1962), Dott (1964), and Blatt
(1982, p. 57), respectively. Deep-sea sandstones and mudrocks were classified and interpreted, where
possible, using the scheme of Mutti and Ricci Lucchi (1972).

Paleocurrents

Paleocurrents are critical in identifying sediment source areas, in determining basin configuration,
and in recognizing some depositional systems. Paleocurrent data from the middle Tertiary of the La
Honda basin, consisting of 166 individual measurements from 52 outcrops, are summarized in Appendix 5
and were obtained as follows. The orientations of directional sedimentary structures such as flute casts,
groove casts, cross-stratification, and clast imbrication were measured in the field, and then later (in the
office) restored to their presumed depositional orientations with a stereonet by simple rotation about the
strike of bedding (Potter and Pettijohn, 1977, p. 371-374). No additional corrections were made for other
structural complications such as fold plunge or tectonic rotation, because in most cases the data necessary
for these corrections are not known. Because of the small size of the data set, statistical analysis of
paleocurrent data was limited to calculation of vector mean and vector strength or ”consistency ratio”
(Potter and Pettijohn, 1977, p. 376) for each locality and for a few arbitrary groupings of the data (see
Appendix 5 and Figures 41 and 53).

The paleocurrent information in this report should be regarded as preliminary due to poor outcrop
and the reconnaissance nature of my field studies. Paleocurrent data are difficult to obtain from middle
Tertiary rocks of the La Honda basin because of the patchy distribution and poor, two-dimensional nature
of most exposures. Much better data on cross-stratification could be obtained by excavation of large
numbers of outcrops to obtain the necessary three-dimensional exposures. Additional data could probably
be obtained by field measurement of paleoslope indicators such as syn-sedimentary folds (Nilsen and
Simoni, 1973), by laboratory studies of grain orientation (Potter and Pettijohn, 1977, p. 70-72), and by
measurements of magnetic susceptibility (Galehouse, 1968).

Subsurface Investigations

Most of the stratigraphic information used in this study came from outcrop sections, but additional
data came from wells drilled in the search for oil and gas. I examined files on more than 75 wells in the
La Honda basin. Most of these wells were drilled in the northern part of the basin, particularly in the La
Honda quadrangle, where the lower and middle Tertiary section is largely hidden by the upper Tertiary
Purisima Formation, and where some small oil fields have been established (Figures 5, 6, and 7; Table 1).
Nearly all of the well files contained electric logs, which I used in conjunction with other kinds of logs—for
example, mudlogs, core descriptions, and paleontologic reports--to estimate the lithology and age of the
rocks encountered by each well, and to correlate with other wells and with outcrop sections. Most of the
well files also contained dipmeter logs that allowed the conversion of drilled thickness to stratigraphic
thickness. My subsurface data are summarized in Appendix 4.

Thickness Maps

Thickness (isopach) maps can be used to infer lateral facies changes, sediment dispersal directions,
and patterns of subsidence and uplift. Thickness maps are important in interpreting paleotectonics
because they can be used to recognize folds and faults that were active at the time of sedimentation of a
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Fiqure 6. Location map of important outcrop sections and wells in the La
Honda basin. Major faults 1labeled as in Pigure S. Shown is the line of
stratigraphic cross—section in Figure 15. Wells numbered as in Appendix 4.
Outcrop sections and localities mentioned in text are as follows. A =
Woodside-Half Moon Bay area, B = La Honda Creek (type section of the Mindego
Basalt), C = Lambert and Peters creeks (type section of the Lambert Shale), D
= Saratoga Gap, E = Slate Creek, F = Pall Creek, G = Little Boulder Creek
(type section of the Butano Sandstone), H = Blooms Creek, J = Kings Creek
(type sections of the Twobar Shale and Rices Mudstone), K = Bear Creek, L =
Twobar Creek, M = Tuck's Creek (type section of the Locatelli Formation), N =
Upper Zayante Creek, P = Lower Zayante Creek (type section of the Zayante
Sandstone), Q = East Zayante Road (type section of the Lompico Sandstone), R =
Mountain Charlie Gulch, S = Soquel Creek, T = Hinckley Creek, U = Aptos Creek,
V = Corralitos Creek, W = Smith Grade-Empire Grade area, X = Majors Creek, Y =
Moore Creek (type section of the Santa Cruz Mudstone), Z = Purisima Creek
(type section of the Purisima Formation), AA = San Lorenzo River at Riverside
Grove, BB = Upper Boulder Creek.
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given unit, but have since been covered by younger strata or obscured by younger structures. In this
study, thickness maps were constructed for selected stratigraphic intervals in the La Honda basin using
data from both outcrops and wells (Appendices 3 and 4).

Paleobathymetry
General Principles

Patterns in the distribution of fossil benthic foraminifers have been used with great success in
interpreting the paleobathymetry of several Tertiary basins in California, including the San Joaquin,
Salinas, Ventura, Los Angeles, and Cuyama basins (Bandy and Arnal, 1969; Graham, 1976; Ingle 1980;
Lagoe, 1984). The rationale for paleobathymetric analysis has been discussed in detail elsewhere (Bandy
and Arnal, 1960, 1969; Ingle, 1975a, 1975b, 1980; Graham, 1976) and is summarized below.

Quantitative studies of living populations of benthic foraminifers along the eastern margin of the
Pacific Ocean have shown that the most distinctive and significant changes in these populations are those
that occur with increasing depth of water and distance from shore (e.g., Bandy and Arnal, 1960; Bandy,
1961; Ingle, 1967; Ingle and Keller, 1980). In addition, these studies have recognized recurring
assemblages of species, or biofacies, that are strongly correlated with water depth. Many of these species
(or their near relatives) are found as fossils in the Cenozoic sedimentary record and therefore have been
used as paleoecologic indicators to infer the paleobathymetry of ancient marine environments.

The use of benthic foraminifers as paleobathymetric indicators has a number of problems and
uncertainties. For example, the contamination of deeper-water faunas by downslope transport of
shallower-water species is common in modern environments and therefore to be expected in ancient
sediments, especially in turbidite and slope deposits. Consequently, assemblages of fossil foraminifers

must be interpreted using the deepest-dwelling species as indicators of the minimum depth of deposition
(Ingle, 1980).

Another source of uncertainty is the possibility, due to organic evolution, that ancient species and
genera may not have had the same ecological preferences and requirements as their Recent descendants.
Most studies of paleobathymetry, including my study of the La Honda basin, attempt to mitigate this
problem by basing interpretations of paleodepth on assemblages of two or more species rather than on the
occurrence of individual species.

How reliable are the numerical estimates of paleodepth obtained by this method? There is no pat
answer to this question. The major source of uncertainty arises from our lack of knowledge about the
exact physical and biological controls on the distribution of benthic foraminifers. Most modern
investigators now believe that the foraminiferal biofacies are controlled not by depth itself but by other
environmental factors—in particular, water mass characters such as temperature, salinity, illumination,
and oxygen content--that change in concert with depth (Ingle, 1980; Ingle and Keller, 1980; Blake and
Douglas, 1980). Some of these environmental factors (e.g., the maximum depth of the penetration of
light) are fairly constant in the modern oceans and probably were the same in the past. But others,
especially water mass characters such as temperature, salinity, and oxygen, are not so closely tied to
depth and in many cases are strongly controlled by local oceanographic conditions (Ingle, 1980; Ingle and
Keller, 1980). Therefore, it is possible that at least some of the water masses, along with their associated
foraminiferal biofacies, may have varied in depth over geologic time as a result of changes in ocean
circulation and worldwide climate.

A well-known example of local variation in the bathymetry of water masses is the occurrence of
silled basins in the southern California continental borderland. In each of these basins, the water mass
characters of the entire basin are uniform, rather than stratified as in the open ocean, and they are similar
to the characters of water occurring at the same depth as the basin sill in the adjacent open sea. Thus, if
the sill occurs at shallow depths, the deeper water organisms that would otherwise be expected to occur
may be absent from the deepest part of the basin (Graham, 1976; Ingle and Keller, 1980). In general, it is
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difficult to detect such silled basins in the ancient record simply by analysis of biofacies (Lagoe, 1982).
However, in some of these basins the entire water column is anoxic because the sill depth occurs within
the oxygen minimum zone, and such basins should be easily identifiable in the rock record because of the
distinctive sediments--thin-bedded to laminated, organic-rich, and often phosphatic dark-colored shales—
that form under anoxic conditions (Garrison, 1981; Pisciotto and Garrison, 1981).

A potentially greater obstacle to paleobathymetric analysis is the possibility that worldwide climatic
changes may have caused major variations in the bathymetry of oceanic water masses in the geologic
past. For example, Blake and Douglas (1980) have proposed that, during the latest Pleistocene glaciation,
the deep, cold water mass associated with the lower bathyal biofacies may have been as shallow as 1400
m, and not at 2000 m as in the Recent oceans. This interesting interpretation is based on a study of the
distribution of only one species rather than a species assemblage so that it may not be widely applicable.
Nevertheless, the conclusions of Blake and Douglas pose a difficult challenge to the paleobathymetric
analysis of Tertiary basins in California. It is not yet known whether such dramatic shoaling of the lower
bathyal zone may have also occurred at other times, for example during the Oligocene climatic
refrigeration.

In summary, it appears that the benthic foraminiferal biofacies have remained in relatively the same
depth-stratified sequence through time, but it is also clear that we must be cautious in using the
bathymetry of Recent biofacies to assign numerical values of paleodepth to the fossil biofacies in ancient
sedimentary basins (Ingle, 1975a; Ingle and Keller, 1980). Despite these problems, I continue to regard the
analysis of paleobathymetry as an important technique of basin analysis. Other techniques, such as
studies of paleocurrents and lithofacies, can provide important information on paleoenvironmental
gradients such as the transition from basin to shelf, but do so only in a qualitative way. Paleobathymetric
analysis is an important complement to such sedimentological studies because it is the only method yet
developed that can give quantitative estimates of water depth. This information can be combined with
other data, in particular measurements of stratigraphic thickness, to estimate rates and amounts of uplift,
subsidence, and depth of burial, as discussed later in this report.

Application to the La Honda Bastn

The faunal data used in my paleobathymetric analysis of the La Honda basin are listed in Appendix
1. These data consist of over 800 faunal lists, each of which is a list of fossil species from a single rock
specimen, outcrop, or drilled interval. The lists were compiled from over 30 published and unpublished
reports, and from subsurface information generously provided by Exxon USA, Gulf Oil Co., and
Occidental Petroleum Co. Each list was examined and interpreted in terms of paleodepth by comparison
with the bathymetric biofacies of Ingle (1980).

The age of each faunal list, also given in Appendix 1, is from the original reference unless otherwise
noted. I revised an age interpretation only when I felt confident that a ”better” one could be made--for
example, a more specific "lower Zemorrian” rather than simply ”Zemorrian.” These revisions are based on
the criteria of Kleinpell (1938, 1980) and also on unpublished information kindly provided by Dr. K.A.
McDougall of the U.S. Geological Survey. Many of my interpretations of age and depth were personally
checked by Dr. McDougall and by Dr. J.C. Ingle of Stanford University, but responsibility for errors rests
solely with me.

Ten maps, each depicting the paleobathymetry of the La Honda basin for a different time horizon,
were constructed in the following manner. The location of each faunal list was plotted on a 1:125,000-
scale base map corresponding to a specific stratigraphic interval, usually one of the provincial benthic
foraminiferal stages. Each "data point” on the maps (for example, see Figure 66) corresponds to one or
more faunal lists and an inferred paleodepth. Some of the data points on the maps are based on only a
single faunal list, but many data points represent several lists from the same outcrop or nearby outcrops;
in these cases, the deepest paleodepth is assumed correct. The contour lines, or paleoisobaths, were drawn
at intervals corresponding to the estimated depths of the biofacies boundaries of Ingle (1980) (Figure 8).
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The data points on my maps include only those faunal lists that could confidently be assigned to both a
specific bathymetric biofacies and a specific stratigraphic interval; thus, not all of the faunal lists in
Appendix 1 are plotted on the maps.

My analysis of paleobathymetry is subject to a number of possible errors. The most important of
these are inherent in the paleoecological models themselves—-for examples, problems caused by
redeposition, organic evolution, and changes in paleoceanography--as discussed earlier in this report. A
few other problems are worth mentioning here.

The faunal lists that I used were compiled from the works of many different paleontologists, so
taxonomic assignments may not be consistent. In some cases, I attempted to correct for this lack of
consistency by applying commonly accepted synonymies that were kindly provided by J.C. Ingle and K.A.
McDougall; otherwise, all species identifications were accepted as valid. I ignored species whose identities
or occurrences were questioned in the original reference. In most cases, I also ignored species whose
relative abundance in a single faunal list was reported as "rare” or ”very rare.”

The number of faunal lists available for the La Honda basin is large but not evenly distributed
geographically or stratigraphically. Excellent data are available from the central Santa Cruz Mountains,
but only sparse data are available at present from the areas north and west of La Honda and southeast of
Soquel Creek. Data from the Monterey Formation are few because outcrops of this unit are generally
poor and widely scattered. Data from units younger than the Monterey Formation are very few owing to
the general lack of well-preserved benthic foraminifers in these rocks.

My estimates of paleodepth are based solely on analysis of the biofacies of benthic foraminifers.
However, the paleobathymetric analyses of a few other Tertiary basins in California have been done not
just by examining biofacies but by using more elaborate paleoecologic techniques, such as the quantitative
analysis of arenaceous-planktic-calcareous species ratios, numbers of foraminifera, numbers of radiolarians,
etc. (Bandy and Arnal, 1960, 1969; Bandy, 1967; Ingle, 1975a, 1975b, 1980). Such quantitative analysis
was not possible in my study of the La Honda basin because no quantitative data are available; most of
my sources of data listed the abundances of species only in relative terms, if at all.

A few additional notes on the organization and presentation of paleontologic data in Appendix 1 are
appropriate here. A large number of the faunal lists examined in this study could not be interpreted in
terms of Ingle’s bathymetric biofacies because the benthic foraminiferal assemblages were too small or
consisted of nondiagnostic species. These assemblages are identified in Appendix 1 by the notation
"NED,” meaning ”"not enough data.” In some cases, however, these assemblages contained common to
abundant planktic foraminifers or radiolaria, suggesting that they represent outer shelf or greater depths
(Ingle, 1975a, and personal communication, 1982). These assemblages are identified in Appendix 1 by the
notation "DW,” or "deep water,” without any more specific interpretation of paleodepth.

A few benthic foraminiferal assemblages consist entirely or almost entirely of arenaceous species,
and these are identified in Appendix 1 by the designation "ARF.” The paleoecological interpretation of
these arenaceous assemblages is clear in most but not all cases. Most of these assemblages appear to
represent shelf or bathyal faunas from which the calcareous species have been leached by weathering or
other post-depositional processes; this interpretation is supported by the occurrence of foraminiferal molds
in some outcrops. However, it is possible that at least a few of the arenaceous assemblages represent
deposition at truly abyssal depths, near or below the lysocline (LCD) and the calcium carbonate
compensation depth (CCD). In the modern oceans, the dissolution of calcareous foraminiferal tests below
the LCD and the CCD increases the relative abundance of arenaceous foraminifers (Ingle, 1980). Some of
the Tertiary arenaceous assemblages from the La Honda basin--particularly those from the Butano
Sandstone and Twobar Shale-—-may represent sub-lysocline faunas because (1) these units also contain
calcareous assemblages indicative of lower bathyal deposition, and (2) the arenaceous assemblages include
representatives of several genera identified by Ingle (1980) as being common at abyssal depths, including
Bathysiphon, Cyclammina, Eggerella, Haplophragmoides, and Rhabdammina. The interpretation of these
faunas as abyssal is still uncertain, however, because they could also represent lower bathyal faunas from
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which the calcareous elements have been leached. No direct sedimentologic evidence of sub-LCD or sub-
CCD deposition, such as the occurrence of radiolarian cherts or other abyssal pelagic sediments, has been
reported from the La Honda basin, but such evidence may have been masked by the relatively rapid
deposition of clastic sediments that occurred throughout the Tertiary history of the basin.

Some of the foraminiferal assemblages from the Twobar Shale and Lambert Shale consist of only a
few species--usually representatives of the upper bathyal and upper middle bathyal biofacies--and are
dominated by common to abundant individuals of only one or two species. In the Twobar Shale, the
dominant species is usually Bulimina microcostata Cushman and Parker, while in the Lambert Shale the
dominant species is usually Globobulimina pacifica Cushman, or rarely Chilostomella ovoidae Reuss. All
three of these species are thought to be indicative of anaerobic bottom conditions produced by water of
low oxygen content (Ingle, 1980; Milam and Ingle, 1982). Therefore, the low-diversity foraminiferal
assemblages that are dominated by low-oxygen species are here interpreted as faunas that lived in the
oxygen minimum zone, and are identified in Appendix 1 by the designation OMZ.” Some of these
assemblages may be redeposited, but it is probably significant that they occur most commonly in the
Twobar Shale and Lambert Shale, formations that consist largely of thin-bedded to laminated organic-rich
shales that on sedimentological grounds are thought to have been deposited in anaerobic environments, as
discussed later in this report.

The OMZ assemblages are bathymetrically anomalous, however, for while they consist mainly of
species from the upper bathyal and upper middle bathyal biofacies, their stratigraphic occurrence is often
closely bracketed, above and below, by assemblages indicative of lower bathyal or lower middle bathyal
depths. This situation can be interpreted in at least three ways. (1) The upper bathyal and upper middle
bathyal assemblages were transported from shallower water into deeper water. This interpretation is
supported by the common occurrence, in both the Twobar and Lambert Shales, of sandstone turbidites,
indicating extensive redeposition of sediment. (2) Alternatively, the entire basin may have actually
shoaled during deposition of the Twobar Shale and then again during deposition of the Lambert Shale to
upper bathyal or upper middle bathyal depths. This requires rapid basin-wide tectonic "hiccups” that are
not supported by independent evidence such as unconformities. (3) My preferred interpretation is that
both the Twobar Shale and the Lambert Shale represent basin-wide anoxic events that were caused by the
development of sills, at upper bathyal to upper middle bathyal depths, that partially blocked the deep
circulation between the La Honda basin and the Pacific Ocean. Thus, the paleoceanographic conditions in
the La Honda basin during the late Eocene and again during the early Miocene may have been analogous
to conditions in some of the present-day silled basins of the southern California continental borderland,
where the development of a sill within the oxygen minimum zone has resulted in anoxic bottom conditions
throughout the entire water column, even to depths of 2000 m or more. This notion of at least two
basin-wide anoxic events is further supported by the observation that both the Twobar and the Lambert
shales are laterally extensive throughout the preserved part of the La Honda basin. The possible locations
of these sills are discussed in a later section of this report.

To the best of my knowledge, the paleobathymetric maps in this report are the first ever prepared
for the La Honda basin. However, several previous workers have made estimates of paleobathymetry,
based on benthic foraminifers, for individual sections or small areas. In most cases, my inferred
paleodepths agree with or are more specific than previous interpretations; for example, the Butano
Sandstone, Rices Mudstone, and Vaqueros Sandstone are all interpreted simply as "bathyal” by Fairchild
and others (1969) but as lower bathyal by me. In a few other cases, my interpretations differ substantially
from previous ones. For example, the Rices Mudstone in Soquel Creek is interpreted as bathyal to outer
neritic by Smith (1971), but as lower bathyal by me. Other examples of new or revised interpretations are
discussed elsewhere in this report.

Biostratigraphy and Time Scale

Traditionally, in the Santa Cruz Mountains and the rest of the Coast Ranges, the ages of rock units
are given in terms of the provincial benthic foraminiferal stages (Schenck and Kleinpell, 1936; Kleinpell,



1938; Mallory, 1959) or the provincial molluscan stages (Addicott, 1972). In general, the benthic
foraminiferal stages are best developed and most useful in fine-grained clastic rocks deposited in the outer

shelf and bathyal zones, while the molluscan stages are most useful in coarse-grained shelf deposits
(Addicott, 1978).

The correlation of the provincial foraminiferal and molluscan stages with the European standard
section and the absolute time scale is one of the long-standing problems of California geology (see Brabb
and others, 1977, for a concise history). Recent advances in planktic biostratigraphy have allowed the
direct correlation of a few sections in the Santa Cruz Mountains and elsewhere in the Coast Ranges with
sections in Europe and with boreholes of the Deep Sea Drilling Project (see, for example, Bukry and
others, 1977; Poore and Brabb, 1977; Warren and Newell, 1980). However, these advances have fanned a
new controversy: several investigators have suggested that many, if not all, of the benthic foraminiferal
stages are not good time-stratigraphic units, but are time-transgressive with respect to zonations based on
planktic foraminifers and calcareous nannofossils (e.g., Ingle, 1973, 1980; Crouch and Bukry, 1979; Arnal,
1980; Poore, 1980). The planktic microfossils are assumed to be superior for long-distance correlation of
different sedimentary basins because of the uniformity of surface waters over large areas of the world
ocean (Addicott, 1980). On the other hand, the species assemblages that are the basis for the benthic
foraminiferal stages are believed to be more strongly influenced by local environmental changes, especially
climate. These benthic assemblages appear to have migrated north and south along the eastern margin of
the North Pacific Ocean in response to major climatic events of the Cenozoic (Ingle, 1973).

The controversy over the validity of the benthic foraminiferal stages as time-stratigraphic units has
not yet been resolved. Like it or not, benthic foraminifers remain the major correlation tool in the Santa
Cruz Mountains and elsewhere in California for both practical and historical reasons. Benthic foraminifers
occur throughout the Cenozoic section in abundance, whereas the occurrence of other microfossil groups is
sporadic (Poore, 1980, p. C7). In addition, nearly 50 years of experience have shown that the benthic
foraminiferal stages are of proven utility for short-range correlations. In the view of many West Coast
micropaleontologists, benthic foraminiferal stages within a single basin-—-for example, the restored La
Honda-San Joaquin basin—are probably good time-stratigraphic units, but correlations between different
basins based on the benthic foraminiferal stages may be time-transgressive and therefore seriously in error,
especially if the basins are separated by wide spans of latitude (J.C. Ingle, Stanford University, personal
communication, 1979).

The time scale used in this thesis (Figure 9) is an attempt to take these issues into account. The
correlation of the European standard section with the absolute time scale is from the most recently
published version of the Exxon sea level curves (Vail and Hardenbol, 1979) and was used so that
transgressive and regressive events in the La Honda basin could be compared with worldwide changes in
sea level. The correlation of the California provincial benthic foraminiferal stages with the European
standard section is modified from Ingle (1980) and incorporates some new information from the Santa
Cruz Mountains and elsewhere in California (Poore, 1980; Warren and Newell, 1980; Poore and others,
1981). It appears that some of the benthic foraminiferal stage boundaries are more time-transgressive or
more precisely dated than others, and this is implied by the variable slant of the stage boundaries in
Figure 9.

The interpretations given in Figure 9 are based in large part on studies in the Santa Cruz
Mountains. Planktic foraminifers and calcareous nannofossils are locally abundant in Ynezian and
Narizian strata and indicate that the Ynezian is upper Paleocene and the Narizian is middle to upper
Eocene (Berggren and Aubert, 1977; Haq, 1977; Poore and Brabb, 1977). In contrast, over 40 samples
from Refugian and Zemorrian rocks have been processed for planktic microfossils but most have been
barren or yielded onmly long-ranging species that span several zones (Bukry and others, 1977; Poore,
unpublished data, 1981; Poore and Brabb, 1977; Warren and Newell, 1980). No planktic microfossils have
been reported from Saucesian or Luisian strata in the Santa Cruz Mountains, and only one assemblage of
questionable lower or middle Miocene nannofossils has been recovered from Relizian rocks (Bukry and
others, 1977).
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Figure 9. Time scale used in this thesis. Correlation of the European
standard section with the radiometric scale is from Vail and Hardenbol (1979).
Correlation of the California benthic foraminiferal stages with the European
standard section is slightly modified from Ingle (1980) using data presented
by Poore (1980), Warren and Newell (1980), and Poore and others (1981). The
slant of the stage boundaries reflects their probable time-transgressive
nature as well as uncertainties in age assignment. Some of the stage
boundaries are more time—-transgressive, or are less well dated, than others,
as implied by the variable slant of the stage boundaries. Correlation of the
California molluscan s8tages with the benthic foraminiferal stages is from
Addicott (1972, 1978).
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Figure 10. Simplified geologic map of the La Honda basin area, southwest of
the San Andreas and Pilarcitos faults. Major faults shown as in Figure 5.
Formations included in map units are as follows. Cretaceous sedimentary
rocks: Pigeon Point Formation. Paleocene rocks: Locatelli Formation. Lower
to upper Eocene rocks: Butano Sandstone, Twobar Shale. Upper Eocene to lower
Miocene (middle Tertiary) rocks: Rices Mudstone, Vaqueros Sandstone, Zayante

Sandstone, Mindego Basalt, Lambert Shale. Lower to middle Miocene rocks:
Lompico Sandstone, Monterey Formation. Middle Miocene to Pliocene rocks:
Santa Margarita Sandstone, Santa Cruz Mudstone, Purisima Formation. Map

compiled from many sources, but mainly Brabb (1970), Dibblee and Brabb (1978a,
1978b, 1978c, 1980), and Dibblee and others (1978).
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Additional stratigraphic control is provided by a few radiometric dates on volcanic rocks associated
with age-diagnostic fossil assemblages. In Zayante Creek, a pillow basalt that occurs just a few meters
below the biostratigraphic Zemorrian-Saucesian boundary gave a K-Ar date of 23.1 + 0.7 m.y. (Turner,
1970; Clark and others, 1979). In Peters Creek, another basalt that is underlain and overlain by
mudstones with upper Zemorrian faunas gave a K-Ar age of 19.7 + 1.2 m.y., but this is regarded as a
minimum age due to ”incipient alteration of the dated plagioclase” (Turner, 1970).

The correlation of the lower Zemorrian-upper Zemorrian boundary with planktic zonations and the
radiometric scale is uncertain. The tentative interpretation shown in Figure 9 is that of Warren and
Newell (1980) who cautiously suggest--with numerous question marks—that this important boundary
occurs within Zone P20 of the worldwide planktic foraminiferal zonation, dated at about 30 to 32 m.y.

In summary, the benthic foraminiferal stages in the La Honda basin can be correlated to the
worldwide time scale with varying degrees of confidence. In general, the Narizian stage is middle to upper
Eocene, the Refugian is entirely upper Eocene, the Zemorrian is Oligocene and lowermost Miocene, the
Saucesian and Relizian are lower Miocene, and the Luisian is middle Miocene. These correlations are
based on a few radiometric dates and scattered data on planktic microfossils from the Santa Cruz
Mountains and elsewhere in California. Attempts to correlate geologic events in the La Honda basin with
regional tectonics or worldwide changes in sea level must take these uncertainties into account.

GENERAL GEOLOGY OF THE LA HONDA BASIN
Limits of Study

This report discusses in some detail upper Eocene (Refugian) to lower Miocene (Saucesian) strata of
the La Honda basin. Rocks older than Refugian and younger than Saucesian are also discussed, but in
considerably less detail, so that later in this report the middle Tertiary history can be placed in the
context of the overall evolution of the La Honda basin. Geographically, this report focuses on the central
part of the La Honda basin, or roughly the area between the towns of La Honda and Corralitos (Figure 5).
Much less attention is paid to the northwestern and southeastern extremes of the basin—the Woodside-
Half Moon Bay and northern Gabilan areas, respectively--because outcrops in these areas are generally
poor, biostratigraphic control is limited, and stratigraphic correlations with the central part of the basin
are uncertain.

The entire La Honda basin has been mapped geologically by previous investigators, and I relied
heavily on these maps in interpreting stratigraphy and structure. A compilation by Brabb (1970) served
as my geologic base map in the northern and central parts of the basin (i.e., the area northwest of
Highway 17). Maps by Dibblee and Brabb (1978b, 1980) and Dibblee and others (1978) guided my work
in the southern area. Additional information was obtained from maps by Brabb (1980), Brabb and
Dibblee (1979), Brabb and Pampeyan (1972), Clark (1966, 1970, 1981), Clark and Rietman (1973),
Cummings and others (1962), Dibblee (1966), Dibblee and Brabb (1978a, 1978c), Stanley and McCaffrey
(1983), and Weber and Lajoie (1980). Information from all the above maps was used to construct the
simplified geologic and structure maps in Figures 10 and 11, as well as the formation distribution maps in
Figures 16, 22, 32, 55, and 61.

Geologic investigations in the Santa Cruz Mountains have been hampered by complex structure and
stratigraphy, poor outcrop, and difficult access. The warm and humid climate, with an annual rainfall of
over 50 inches (125 cm) in places, has encouraged growth of an unusually thick cover of vegetation that
hides outcrops and creates impenetrable brushy thickets. Deep weathering of the bedrock has created soil
profiles that commonly are several meters thick. The heavy winter rains, combined with thick soils and
steep topography, have caused landslides that have obscured or removed many outcrops. Good exposures
are found in fresh headwall scarps of landslides and in fresh roadcuts, but where these outerops occur on
hillsides they are commonly out of place due to downhill creep of large coherent blocks. Failure to
recognize such blocks can lead to incorrect interpretations of structure and stratigraphy. The best
outcrops in the area are found along streams in the deep canyons, where running water has carved and
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polished beautiful exposures in which sedimentary structures and other details are superbly displayed.
Unfortunately, these stream outcrops come and go, as each winter new floods and landslides cover up old
outcrops and create new ones. These processes ensure that there will be plenty of new field data gathered
in the Santa Cruz Mountains for years to come. Finally, increasing urbanization of the area and the
proliferation of fences and large dogs have made access to some sections difficult.

Structural Geology
Structural Blocks and Basement

The Santa Cruz Mountains area is divided by major faults into a series of structural blocks that
may be viewed as crustal slivers within the braided San Andreas fault system (Clark and Brabb, 1978;
Nilsen and Brabb, 1979). Each fault-bounded block contains a stratigraphic section that differs from the
sections on adjacent blocks (Figure 12). The present configuration of the blocks is due in large part to
Neogene strike-slip faulting. For example, during the past 10 to 15 m.y., the San Francisco Bay block
presumably has moved about 300 km relatively southeastward along the San Andreas fault before
reaching its present location alongside the La Honda block. Similarly, the Pigeon Point block is believed
to have arrived at its present position after 105 to 160 km of relatively northwestward movement along
the right-lateral San Gregorio-Hosgri fault (Graham and Dickinson, 1978a, 1978b; Nagel and Mullins,
1983; Clark and others, 1984).

In contrast to these large-scale movements, the Ben Lomond and La Honda blocks are believed to
have remained in about the same relative geographic position since at least the middle Eocene, although
the history of movement along the Zayante-Vergeles fault which separates the two blocks is controversial
(see discussion below). Together, the Ben Lomond and La Honda blocks form the structural
underpinnings of the La Honda basin. It is important to note that Cenozoic strata on the Pigeon Point,
San Francisco Bay, and probably the Pilarcitos, blocks are not part of the Tertiary La Honda basin; these
blocks are newcomers to the area, having been brought there by relatively recent movements on the San
Andreas and San Gregorio-Hosgri faults.

In most of central California, the San Andreas fault is the boundary between Franciscan basement
on the east and Salinian granitic and metamorphic basement on the west. However, the distribution of
basement rocks in the Santa Cruz Mountains is somewhat more complicated (Figure 12). The Franciscan
Complex underlies both the San Francisco Bay and Pilarcitos blocks (Nilsen and Brabb, 1979); the latter
occurrence suggests that the Pilarcitos fault may be an older, inactive trace of the San Andreas fault.
The Pigeon Point block is believed to be underlain by Salinian granitic basement, on the basis of
geophysical evidence (McCulloch and others, 1977; Howell and Joyce, 1981). The entire Ben Lomond
block, including much of Monterey Bay, is underlain by Salinian granitic and metamorphic basement as
shown by extensive outcrops on Ben Lomond Mountain, scattered outcrops elsewhere in the Santa Cruz
area, and numerous well logs and geophysical data (Clark and Rietman, 1973; Ross and Brabb, 1973;
Greene, 1977; Greene and Clark, 1979).

Beneath the La Honda block, however, the nature and distribution of the basement rocks are
complex and largely unknown. At the northern tip of the block, Salinian granitic and metamorphic rocks
crop out on Montara Mountain (Brabb and Pampeyan, 1972; Pampeyan, 1981). At the southern end of
the La Honda block, near Logan and San Juan Bautista, the basement is a 156-m.y.-old gabbro (Ross,
1970, 1978). Between Logan and Montara Mountain, a linear distance of about 90 km, there are no
basement outcrops and no wells have drilled deep enough to penetrate the basement. Various geophysical
studies have suggested that this covered interval may be underlain by Salinian granitic and metamorphic
basement (Clark and Rietman, 1973); gabbro similar to that exposed at Logan (Hanna and others, 1972;
Ross, 1978); or rocks of the Franciscan Complex (Ross and Brabb, 1973; Olson and others, 1980).
Knowledge of the nature of the basement is critical to understanding the evolution of the La Honda basin
and the history of the Zayante-Vergeles fault. For example, differences in the basement and crustal
structure beneath the La Honda and Ben Lomond blocks may help explain why the La Honda block
subsided to receive 2 to 3 km of sediment during the middle Tertiary, while the adjacent granitic Ben
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Figure 12. Fault-bounded blocks and representative stratigraphic columns in
the La Honda basin area. The names and boundaries of the blocks are modified
from Clark and Brabb (1978). Major faults are shown as in Figure 5. The
Zayante-Vergeles fault probably continues westward and abuts against the San
Gregorio-Hosgri fault, but this relationship has not yet been definitely
established. Formation abbreviations are as in Table 2. Map and
stratigraphic columns were compiled and slightly modified from the same
references as PFPigure 10 with the addition of Beaulieu (1970), Brabb and others
(1977), and Clark and Brabb (1978).



33

MO078 AvE OOSIONVHd NVS

1INawasva NMONMNN NMONMNN 1NIW3svE Qo
oHaavo NVINITYS 3OVIGW3SSY 0,3
NVINITYS LN3W3svE 1IN3W3sva :w,u_\lmﬂz\olm_bwm VOIS {37
‘W4 1IM3Lvo01 r
2 MO T
3INOLSONVS 3INOLSANVS INOLSANYS NOILYWHOA 4 @ |, Wwojuooun)
NOILYWHO4 ONviNg ONving ONv1Ng T g | Aepunod smew
v1SiLnve "HS HYEOM L "HS HYBOML ATNSIHM ol 2 :SNWNT00
NVYNF NVS T 18]
¢ 5ar ] ¢ oA ] o OIHIYHOILYHLS
T e T | L1, HCT ¢ T ¢ ——— A g L 45
W4 31VO3NId ‘SS ()FLNVAVZ] AN 1vsva 2] [eEr4md{-ELED]
+5038 43y ) qQul+Zz) +|AL OD3ANIW NOILVINHOA
+ X4 DINVDI0A E:\I:DH 511 | ell (USOH3INDVA 0z 2
¢ Q
05 ) + WS] OS] + WS] ¢S] +>MmMﬂwonuz._ 4 &
lJ T I T i O = i O T T O]
NS ERBS W —
HIONNOA+AL | | HIONNOA+dL HIONNOA+dL HIONNOA+dL uIONNOA+dL | _  [WowionGiodsw | d-d
9 S 1 4 € [4 1 AW
o 37vIS 3NIL
- mN N
e e MO0
. . mf\ A — ~ V\b\\ 1NIOd
— é )
. » P
w ot IR ) o NO3DId
ey
UlIoN m /lVIf \I\ N
N = \
— o}
o' __ Lt 2
o 03 AT - Y26,
° cll T
0 AT SN~
r 0018 VANOH | V1 N
T T T £e
ASV3IHLNOS WX 6L ‘VIHY
<« VISILNYE NYNr NYS
NI 9 NWNI00 M001g
| S0y
R S | | o)




34

Lomond block remained structurally high and served as a sedimentary source area. Furthermore, if the
La Honda block is underlain by Franciscan material as has been suggested, then the Zayante-Vergeles
fault which separates the La Honda and Ben Lomond blocks must be a major strike-slip fault.

Patterns of Folding and Faulting

There are some significant differences in structural style between the Ben Lomond and La Honda
blocks. The structure of the Ben Lomond block is characterized by broad, open folds and block faulting
(see cross-sections of Greene, 1977; Clark and Rietman, 1973; and Clark, 1981). In contrast, the structure
of the La Honda block is much more complex and characterized by a much greater degree of folding. The
folds become tighter and of shorter wavelength near the San Andreas fault, and locally are overturned and
nearly isoclinal (see cross-sections of Cummings and others, 1962; and Dibblee, 1966). The differences in
structural style between the Ben Lomond and La Honda blocks probably reflect (1) the presence of
shallow, rigid granitic basement beneath the Ben Lomond block, versus the more deeply buried--and
possibly more ductile and non-granitic--basement of the La Honda block, and (2) the closer proximity of
the La Honda block to the San Andreas fault.

Folds and faults in the Santa Cruz Mountains strike generally NW to WNW (Figure 11), a
structural pattern that is typical of the central California Coast Ranges and is probably the result of
Neogene wrench tectonism along the San Andreas and San Gregorio-Hosgri faults. The intensities of
folding and faulting increase near these two major strike-slip faults (Cummings and others, 1962), further
underscoring their dominant role in the Neogene structural evolution of the area. Wrench-related folding
and faulting have probably occurred continuously throughout the Neogene in the Santa Cruz Mountains
as in the San Joaquin Valley and elsewhere along the San Andreas system (Harding, 1976). Some of the
major folds in the Santa Cruz Mountains--for example, the Scotts Valley, and Glenwood, and San Lorenzo
synclines—are believed to record two or more periods of Neogene deformation because older strata are
more strongly folded than younger strata in these structures (Clark, 1981).

Several pre-Neogene anticlinal structures occur in the subsurface in the La Honda-San Gregorio area
but do not appear on the map in Figure 11 because they are covered by younger rocks--in particular, the
upper Miocene to Pliocene Purisima Formation--and have little or no surface expression. Two of these
buried anticlines produce oil from lower and middle Tertiary reservoirs in the La Honda and South La
Honda fields (Figure 5; Table 1). Two other buried structures--the ”San Gregorio high” and the
?Tarwater Creek high”--are inferred from thickness data presented later in this report and probably were
important Paleogene and early Neogene features.

Faults

The two biggest faults in the area--the San Andreas and San Gregorio-Hosgri--are strike-slip faults
with very large lateral displacements, and their slip histories have been intensely studied. In contrast,
surprisingly little is known about the slip histories of other faults in the Santa Cruz Mountains. The
Pilarcitos fault is widely believed to be a right-lateral strike-slip fault, and perhaps an abandoned trace of
the San Andreas or proto-San Andreas, but the amount of strike separation along it is unknown
(Cummings and others, 1962; Graham and Dickinson, 1978b, p. 17; Dickinson and others, 1979, p. 1463).
The Ben Lomond fault is a minor normal-slip(?) fault that was active during deposition of the Santa
Margarita Sandstone in late Miocene time (Stanley and McCafirey, 1983). The Butano fault consists of a
collection of vertical to steeply-dipping, northwest-trending fractures that locally show very strong
topographic expression. Dip separation on the Butano fault may be as much as 1800 m (Cummings and
others, 1962), but the amount of strike separation is unknown, and little is known about the slip history
of this fault. Similarly, little is known about the history of the La Honda fault; it may have been active
during an interval of basaltic volcanism in the late Oligocene or early Miocene, as shown by variations in
thickness and facies discussed later in this report.
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Zayante-Vergeles Fault

The Zayante-Vergeles fault, which separates the Ben Lomond and La Honda blocks, is a complicated
zone of northwest-trending and vertical to steeply-dipping fractures. The fault is a major structural
boundary in the Santa Cruz Mountains and appears to have had a long and complicated history of
movement. Unfortunately, the early and middle Tertiary history of the fault is poorly known because the
record has been obscured by Neogene deformation.

Along the Zayante-Vergeles fault, dip separation of the base of the Tertiary section is believed to be
about 2000 to 3000 m and down to the northeast, but this estimate may be in error because it is based in
large part on gravity evidence and the presumption that the relatively downthrown La Honda block is
underlain by granitic basement (Clark and Rietman, 1973). The amount of strike separation is unknown,
and as a result the slip history of the fault is poorly understood and controversial. The fault was
interpreted as mainly a dip-slip fault by Clark (1966, 1981) and Clark and Rietman (1973), who suggested
that most of the 2000 to 3000 m of vertical displacement was accomplished in Oligocene and early
Miocene time. However, the Zayante-Vergeles fault is subparallel to the San Andreas fault, suggesting
that it may be a right-lateral strike-slip fault. In addition, the Zayante-Vergeles is vertical or nearly-
vertical for most of its length, is laterally persistent for at least 90 km, and is generally linear but locally
consists of a braided system of vertical fractures; these geometric features are typical of strike-slip faults
in the California Coast Ranges, but atypical of normal-slip and reverse-slip faults. If the basement
beneath the La Honda block is gabbro or Franciscan as has been suggested, then at some early time the
Zayante-Vergeles fault must have been a major strike-slip fault with a minimum displacement equal to
the length of the fault, or about 90 km. This early strike-slip motion, if it really occurred, probably
ended prior to deposition of the lower to middle Eocene Butano Sandstone, because this unit occurs on
both sides of the fault (Brabb, 1970; Nilsen, 1979).

During the Oligocene and early Miocene, the Zayante-Vergeles fault was active and strongly
controlled patterns of sedimentation and volcanism in the La Honda basin, as noted by Clark and
Rietman (1973) and discussed in detail in a later section of this report. Major movement on the fault
must have occurred before deposition of the middle to upper Miocene Santa Margarita Sandstone, because
the outcrop belt of this sandstone in the western Big Basin area strikes across the fault without noticeable
offset (see geologic map of Brabb, 1970). Minor movements along the fault during the late Cenozoic have
resulted in small offsets of units as young as Quaternary. The local presence of fault-related geomorphic
features and the occurrence of small earthquakes along the fault suggest that it is an active fracture in the
modern San Andreas system (Coppersmith, 1979).

Summary of Structural Geology

In summary, the structure of the Santa Cruz Mountains is dominated by folds and faults that trend
generally to the northwest and are probably related to Neogene wrench tectonism along the San Andreas
and San Gregorio- Hosgri faults. Tectonic deformation has occurred through much of the Tertiary, as
shown by (1) numerous unconformities, both local and regional, (2) patterns of sedimentation along faults
such as the Zayante-Vergeles and Ben Lomond that were active during deposition, (3) folds in which older
strata are more strongly deformed than younger strata, and (4) buried anticlinal structures with little or
no surface expression. The most recent period of major deformation began during the late Pliocene and
has resulted in folding, faulting, and uplift of the modern Santa Cruz Mountains (Cummings and others,
1962). The timing and amounts of strike-slip displacement on several important faults in the area—
including the La Honda, Butano, and Zayante-Vergeles--are largely unknown, and this lack of knowledge
hampers the preparation of palinspastic paleogeographic maps, as well as paleotectonic interpretations.
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NATURE OF THE STRATIGRAPHIC FILL

Introduction

The stratigraphy of the Santa Cruz Mountains was established early in this century by Haehl and
Arnold (1904) and by Branner and others (1909). These early investigators made many astute
observations and laid the necessary foundation for future studies, but they also were responsible for
applying formation names borrowed from the Salinas Valley stratigraphic nomenclature, an unfortunate
circumstance that has caused much confusion among succeeding generations of geologists. Subsequent
work has shown that while formations such as the Vaqueros, the Monterey, and the Santa Margarita in
the Santa Cruz Mountains are superficially similar in lithology to their identically-named counterparts in
the Salinas Valley, there are also important differences in sedimentary facies, age, and stratigraphic
relationships. As discussed later in this report, it appears that the La Honda and Salinas basins shared
similar histories but were rarely if ever physically connected. Through most of the early and middle
Tertiary the two basins evidently were separated by a major granitic island or peninsula--located in the
present position of Monterey Bay--that served as a sedimentary source for both basins (Graham, 1976,
1978). Given the similarities in basin history and provenance, the use of Salinas Valley formation names
in the Santa Cruz Mountains by the earliest investigators was very reasonable, although in hindsight it
was confusing.

Following the pioneering work of Haehl and Arnold (1904) and Branner and others (1909), the
stratigraphy of the Santa Cruz Mountains was substantially revised (and the Salinas Valley names
retained) by a series of Ph.D. theses completed during the 1950s and 1960s at Stanford University. These
studies were highly successful in using benthic foraminiferal biostratigraphy to make detailed correlations
in this area of rapid lateral facies changes, complex structure, and patchy, discontinuous outcrops. The
results of the Stanford studies are summarized in reports and maps by Cummings and others (1962),
Brabb (1970), Brabb and others (1977), Clark and Brabb (1978), and Clark (1981), which are now the
standard references on the stratigraphy of the area.

Stratigraphic Packaging and Nomenclature

The Tertiary rocks of the La Honda basin are here divided into five unconformity-bounded
sequences (Figure 13) following a scheme modified from that of Brabb (1970) and Clark and Brabb (1978).
Each sequence is bounded above and below by major unconformities of regional extent and is roughly
equivalent to the concept of ”depositional sequence” defined by Mitchum and others (1977). The
sequences recognized here are the Paleocene, Eocene to lower Miocene, lower to middle Miocene, middle
to upper Miocene, and upper Miocene to Pliocene. This packaging scheme provides a logical framework
for discussion; however, it is somewhat arbitrary and may need future revision because some of the
sequences also contain internal unconformities that may be regionally extensive.

The formation and unit names used in this report are from Brabb (1970) with minor changes and
additions. Several new and informal stratigraphic units are named and described in later sections of this
report. These include the "Blooms Creek sandstone” unit of the Rices Mudstone, and three subdivisions
of the Vaqueros Sandstone of Brabb (1970). The ”"Laurel” and ”Castle Rock” units of the Vaqueros
Sandstone represent shelf and submarine fan depositional systems, respectively, and together with the
Zayante Sandstone form a northward-thinning wedge of coarse sediment in the central part of the La
Honda basin (Figure 14). The "Vaqueros Sandstone of the Woodside area” occurs only in the extreme
northwestern corner of the basin and forms a southward-thinning wedge of coarse sediment that
apparently is not physically connected to the wedge that comprises the Castle Rock and Laurel units
(Figure 14).

Also recognized for the first time in this report is an inferred mid-Oligocene unconformity along the
southwestern margin of the basin. This unconformity is discussed in the section on the Laurel unit of the
Vaqueros Sandstone.
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Piqure 13. Depositional sequences and formations of the La Honda basin.
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angular unconformities of regional extent.
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TABLE 2
FORMATION SYMBOLS USED IN THIS REPORT
Purisima Formation
Santa Cruz Mudstone
Santa Margarita Sandstone
Monterey Formation
Lompico Sandstone
Lambert Shale
Mindego Basalt
Zayante Sandstonne
Vaqueros Sandstone of the Woodside area
Vaqueros Sandstone, Laurel unit
Vaqueros Sandstone, Castle Rock unit
vVaqueros Sandstone, undivided
Lambert Shale and San Lorenzo Formation, undivided
Rices Mudstone, Blooms Creek sandstone
Rices Mudstone, undivided
Twobar Shale
San Lorenzo Formation, undivided (may include
Rices Mudstone and/or Twobar Shale)
Butano Sandstone
San Juan Bautista Formation
Locatelli Formation
Composite stratigraphic interval from base of

Refugian Stage to top of Saucesian stage



39

Figure 14. Tentative middle Tertiary chronostratigraphic correlation chart
along a north-south transect of the La Honda basin, inspired by similar charts
presented by Vail and others (1977). Vertical axis is time (not thickness).
Horizontal axis is map distance, but is not drawn at any particular scale.
This diagram is an attempt to summarize the known and inferred stratigraphic
relations in the area. Correlations of rock units to the absolute time scale
are based primarily on fossil evidence, radiometric dates, and field
relations, and secondarily on postulated relationships to eustatic and
tectonic events as discussed in the text. Some of the indicated relations are
highly speculative, e.g., the local unconformity at the base of the Mindego
Basalt (Touring, 1959). Abbreviations are as follows: Tlo = Lompico
Sandstone; Tsrb = Blooms Creek sandstone of the Rices Mudstone.
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Stratigraphy and Sedimentation

Each formation in the La Honda Basin is discussed below and interpreted in terms of its age,
depositional systems, and significance to paleogeography. The main focus is on units of Refugian to
Saucesian age; other units are treated only briefly.

PALEOCENE SEQUENCE

Locatells Formation

The Locatelli Formation consists of feldspathic (arkosic) sandstone, mudstone, and conglomerate
that are exposed in small, discontinuous patches on Ben Lomond Mountain and in Henry Cowell
Redwoods State Park (Figure 10). The Locatelli Formation was named by Brabb (1960, p. 13) for
exposures on Vince Locatelli’s ranch at the northern end of Ben Lomond Mountain. Brabb designated a
type section along Tuck’s Creek, a small tributary to Scott Creek.

The Locatelli Formation rests nonconformably on granitic basement rocks and is overlain
unconformably by the Butano Sandstone (Brabb, 1960). The Locatelli is at least 305 m thick; its original
thickness is unknown because the top of the formation is everywhere eroded.

The Locatelli Formation is of late Paleocene age, as shown by molluscs of the so-called "Martinez
Stage” (Clark, 1966, 1981), benthic foraminifers of the Ynezian Stage (Brabb, 1960; Clark, 1966, 1981),
planktic foraminifers of the upper Paleocene P4 to P5 Zones (Berggren and Aubert, 1977) and upper
Paleocene discoasters of the NP 5 Zone (Haq, 1977). Based on these data and the time scale of Vail and
Hardenbol (1979), the Locatelli Formation was deposited sometime between 59 and 54 m.y. ago.

The sedimentology of the Locatelli Formation has not been studied in detail, so the discussion here
is based on the available literature and on my own limited field observations. There are substantial
vertical and lateral variations in lithology in the Locatelli Formation. Near the intersection of Smith
Grade and Empire Grade, and locally in Cowell Park, the lower part of the Locatelli consists mainly of
bioturbated sandstone that contains abundant shallow-water molluscs, echinoids, and calcareous benthic
foraminifers (Clark, 1966, 1968, 1981; Clark and others, 1979). This sandstone was probably deposited on
a marine shelf (Clark, 1981). Gradationally overlying this shelf sandstone are siltstone and silty mudstone
that contain abundant arenaceous foraminifers and may have been deposited at bathyal to abyssal depths
(Clark, 1981). Thus, in the Smith Grade-Empire Grade and Cowell Park areas, the Locatelli Formation is
a transgressive sequence that records rapid deepening.

In contrast, this just described basal fossiliferous shelf sandstone has not been reported from the
Locatelli Formation at the northern end of Ben Lomond Mountain. Instead, in this northern area, the
Locatelli Formation consists of the following lithologies. (1) Dark colored silty mudstones, although
poorly exposed, contain benthic foraminiferal assemblages indicative of deposition at lower bathyal depths
(Appendix 1). (2) Interbedded with these mudstones are thin to thick bedded, fine to medium grained
sandstones that are commonly normally graded and exhibit partial to complete Bouma sequences, rip-up
clasts, and sharp lower contacts; these are interpreted as turbidity current deposits. (3) Thick to very
thick bedded, fine to coarse grained sandstones and pebbly sandstones are present locally; these exhibit
both normal and reverse grading, plane to low-angle cross-laminations, sharp lower contacts, and
amalgamated beds, and were probably deposited by large turbidity currents or other sediment gravity
flow processes. (4) Pebble, cobble, and boulder conglomerates, composed of well-rounded granitic,
metamorphic, and volcanic framework clasts in a sandy marix, appear to fill large channels cut into the
underlying finer-grained strata. (5) Pebbly mudstones, with rounded clasts of granitic and metamorphic
rocks, are common in the type section and interpreted by me as debris-flow deposits. Based on these
preliminary observations and interpretations, I infer that the Locatelli Formation on the northern end of
Ben Lomond Mountain was deposited on the upper part of a submarine fan or slope. The thick to very
thick bedded sandstones and conglomerates may represent channel-fill deposits, while the mudstones and
thinner sandstone beds probably accumulated in the interchannel areas.
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Shelf sandstones are present in the Smith Grade-Empire Grade and Cowell Park areas, but are
absent from the northern end of Ben Lomond Mountain, suggesting that the Locatelli Formation was
deposited in a basin that deepened to the north. This interpretation is supported by a single paleocurrent
measurement, a flute cast at the base of a sandstone bed in Tuck’s Creek with an azimuth of N38E and
indicating flow to the northeast. The feldspathic mineralogy of the sandstones in the Locatelli Formation
suggests derivation from a granitic source area, probably the Salinian block.

The Locatelli Formation has not been found in outcrop on the La Honda block, nor has it been
positively identified anywhere in the subsurface. As a result, little is known about the stratigraphic
relationships between the Locatelli Formation and other nearby Paleocene units, including the Carmelo
Formation at Point Lobos, and the unnamed turbidite sequence at Point San Pedro. Paleogeographically,
these three Paleocene units may represent three small, separate sedimentary basins in the early Tertiary
continental borderland of central California (Nilsen and Yount, 1981). A fourth occurrence of Paleocene
strata at Point Reyes may represent yet another borderland basin, or alternatively may be part of the
Locatelli Formation that has been offset at least 100 km laterally by strike-slip movement on the San
Gregorio- Hosgri fault (Graham and Dickinson, 1978b, p. 18).

EOCENE TO LOWER MIOCENE SEQUENCE

The stratigraphy of the Eocene to lower Miocene sequence is extremely complex owing to numerous
unconformities and lateral facies changes. The schematic chronostratigraphic chart in Figure 14
summarizes my tentative interpretation of this complexity. Figure 14 is based on a synthesis of
lithostratigraphic and biostratigraphic information compiled from the literature, and also on the
correlations of available well logs with outcrop sections shown in Figure 15.

Within the Eocene to lower Miocene sequence, the original thickness of the middle Tertiary
(Refugian + Zemorrian + Saucesian) interval is impossible to determine because the top of the section is
everywhere eroded and because there are several internal unconformities from which unknown thicknesses
of strata are missing.

The situation is further complicated by lateral facies changes. The total of the maximum
thicknesses of all five middle Tertiary formations is 5900 m, but owing to lateral facies changes there is no
place in the basin where the middle Tertiary is that thick. My best estimates of the thickness of the
middle Tertiary interval range from 2000 m in the Soquel Creek area to mearly 3000 m in the La Honda
area (Appendices 3 and 4).

Butano Sandstone

The Butano Sandstone consists of interbedded feldspathic sandstone, mudstone, and conglomerate
and represents part of an Eocene submarine fan (Nilsen, 1979). The Butano was named by Branner and
others (1909) for exposures on Butano Ridge north of Big Basin, and a type section was designated by
Cummings and others (1962) along Little Boulder Creek. Geographically, the Butano Sandstone is widely
distributed in outcrop and in the subsurface in the Santa Cruz Mountains and is present on both the La
Honda and Ben Lomond blocks. Modest amounts of petroleum have been produced from the Butano
Sandstone in the La Honda and Oil Creek fields (Table 1; Figure 5; Fothergill, 1962a, 1962b).

On the Ben Lomond block, the Butano Sandstone rests nonconformably on granitic basement
(Clark, 1968, p. 170) and unconformably on the Locatelli Formation (Cummings and others, 1962). On
the La Honda block, however, the base of the Butano has never been observed, even in the deepest wells.
The Butano is overlain conformably by the Twobar Shale (Cummings and others, 1962). No complete
section of the Butano is exposed, so its total thickness is unknown. Its minimum thickness is at least 1500
m (Nelson and Nilsen, 1974), and it may be 3000 m thick or more (Appendix 3).
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Figure 15. Stratigraphic correlation of wells and outcrop sections from

northwest (left) to southeast (right) in the La Honda basin along the line

shown in Figure 6. Wells numbered as in Appendix 4. Outcrop sections labeled
as in Figure 6.
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The Butano Sandstone is apparently of early to middle Eocene age. Benthic foraminifers are locally
abundant and indicate that the Butano ranges in age from Bulitian(?) to Narizian, although most of the
Butano seems to have accumulated during Narizian time (Appendix 1; Cummings and others, 1962; Nilsen
and Simoni, 1973; Nilsen, 1979; Clark, 1966, 1981). The Butano has also yielded planktic foraminifers of
the lower Eocene P8 and middle Eocene P13 to P14 Zones (Berggren and Aubert, 1977; Poore and Brabb,
1977), and calcareous nannofossils of the lower to middle Eocene NP 12 to NP 17 Zones (Haq, 1977;
Warren and Newell, 1980). These data and the time scale of Vail and Hardenbol (1979) indicate that
most of the Butano Sandstone accumulated between 52 and 44 m.y. ago.

Sedimentological studies by Tor Nilsen and his colleagues show that the Butano Sandstone was
deposited by northward-flowing turbidity currents and other kinds of sediment gravity flows on a
submarine fan (Nilsen and Simoni, 1973; Nelson and Nilsen, 1974; Nilsen, 1979). During deposition of the
Butano, the La Honda basin was one of several deep and rapidly-subsiding basins in the early Tertiary
continental borderland of central California (Nilsen and Clarke, 1975). The Butano Sandstone
accumulated mainly at lower bathyal and possibly abyssal depths, according to benthic foraminiferal
paleobathymetry (Appendix 1). Sediment deposited on the Butano fan was derived from an area of
uplifted Salinian granitic rocks to the southwest of the La Honda basin; this source area was probably an
island or peninsula located in the same position as the modern Monterey Bay. Sediments from this
granitic source were transported directly across a narrow shelf and into deep water via at least two
conglomerate-filled submarine channels (Nilsen and Simoni, 1973).

The northeastern part of the submarine fan has been truncated by 305 to 310 km of Neogene right~
lateral movement on the San Andreas fault. The missing fan fragment is represented on the other side of
the fault by the Point of Rocks Sandstone of the Temblor Range, west of Bakersfield (Clarke and Nilsen,
1973). The reconstructed Butano-Point of Rocks fan probably measured about 120 to 160 km long and 80
km wide (Nelson and Nilsen, 1974).

Twobar Shale

The Twobar Shale consists mainly of laminated clay-shale and mud-shale with minor amounts of
bioturbated mudstone, turbidite sandstone, and calcareous concretions. The formation was named by
Brabb (1964, p. 671) for exposures near Twobar Creek, but its type section is along Kings Creek (Figure
6).

On the La Honda block the Twobar Shale is widely distributed both in outcrop and in the
subsurface (Figure 16). However, the formation is not present on the northern end of the La Honda block
in the Woodside-Half Moon Bay area, nor does it occur on the Ben Lomond block. Presumably, the
Twobar Shale was deposited in both these areas but removed by later erosion.

The Twobar Shale rests conformably on the Butano Sandstone. The Butano-Twobar contact is
generally poorly exposed and has been variously described as abrupt (Brabb, 1964), gradational
(Cummings and others, 1962; Clark, 1981, p. 13), and possibly interfingering (Beaulieu, 1970, p. 133 and
p- 136). The Twobar Shale is overlain abruptly and disconformably by the Rices Mudstone (Brabb, 1960,
1964). This contact is marked by a glauconitic sandstone marker bed that occurs at the base of the Rices
Mudstone and is traceable in outcrop and in the subsurface over much of the La Honda basin.

The original depositional thickness of the Twobar Shale is impossible to determine because the
upper contact of the formation is everywhere a disconformity. An unknown but perhaps minor thickness
of the formation was removed by erosion during the late Eocene prior to deposition of the overlying Rices
Mudstone. Limited thickness data presented in Appendices 3 and 4 suggest that, at the beginning of
deposition of the Rices Mudstone, the Twobar Shale was a sheetlike body between 50 m and 250 m thick
that thickened gradually northeastward toward the San Andreas fault (Figure 17).
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Two other areas of anomalous thinning, both on the La Honda block, are interpreted by me as
Eocene structural highs. The ”Tarwater Creek high” (Figure 17) is an east-west trending feature that
occurs in the subsurface southeast of La Honda. This structure persisted as a positive area through much
of middle Tertiary time as shown by thickness maps of the Rices Mudstone and Vaqueros Sandstone
(Figures 24 and 33). A second area of thinning of the Twobar Shale occurs in the subsurface west of La
Honda and is inferred to represent depositional thinning and onlap of the Twobar Shale onto the eastern
flank of a large feature herein named the *San Gregorio high.” My subsurface data are insufficient to
define the shape or lateral extent of the San Gregorio high, but I speculate that it is a north to
northwest-trending structural salient that is probably bounded on the west by the San Gregorio-Hosgri
fault. The San Gregorio high was a long-lived structure, for it is recognizable in thickness maps of the
Rices Mudstone, Vaqueros Sandstone, and Mindego Basalt (Figures 24, 33, and 56). The San Gregorio
high also was an important late Cenozoic feature, because less than 2 km west of the La Honda and South
La Honda oil fields--on the presumed ”"top” of the high--the Twobar Shale is missing and the Butano
Sandstone is overlain in angular unconformity by the upper Miocene to Pliocene Purisima Formation.

The Twobar Shale is of middle to late Eocene age as shown by locally abundant foraminifers of the
Narizian Stage. The formation is mainly of late Narizian age (Cummings and others, 1962; Brabb, 1964;
Smith, 1971) but in the San Lorenzo River section (Figure 19) the boundary between the upper and lower
substages of the Narizian may fall in the lower part of the Twobar Shale (K. A. McDougall, unpublished
report, 1979). The formation has also yielded planktic foraminifers of the middle to upper Eocene P14 to
P16 Zones (Poore, 1977; Poore and Brabb, 1977; R. Z. Poore, unpublished data, 1978) and calcareous
nannofossils of the middle to upper Eocene NP15 to NP20 Zones (Bukry and others, 1977; Haq, 1977;
Warren and Newell, 1980). Using these data and the time scale of Vail and Hardenbol (1979), I infer that
most of the Twobar Shale accumulated between 44 m.y. and 39 m.y. ago, during the late Narizian. The
middle Eocene-upper Eocene boundary of international usage, dated at 40 m.y. by Vail and Hardenbol
(1979), falls within the Twobar Shale but does not seem to be associated with any physical surface that
can be observed in the field.

The sedimentology of the Twobar Shale has not been studied in detail, so the following discussion is
based on the available literature and my own limited field observations. More than 90% of the formation
is composed of dark brown to black, thin to very thin bedded, organic-rich clay-shale and mud-shale that
splits readily parallel to planes of stratification (Figure 20). In most outcrops the shale is finely laminated
on a millimeter scale, and the laminae are defined by aligned particles such as mica flakes, fish scales,
foraminifers, and silt-size grains of quartz and feldspar. Cream-colored phosphatic nodules and laminae
are common. Microfossils are abundant and include benthic and planktic foraminifers, diatoms,
radiolarians, and calcareous nannofossils, although the relative proportions of these different kinds have
not been determined (Brabb, 1960, 1964; Bukry and others, 1977). Megafossils are exceedingly rare, but a
few bivalves and plant fragments have been reported (Brabb, 1964; Clark, 1981).

These shales were probably deposited in low-oxygen environments, as suggested by the ubiquitous
laminations, high organic content, near-absence of megafossils, and abundance of phosphatic nodules and
laminae. These features are common in low-oxygen muds in modern environments, and also in other
inferred anoxic shales from the ancient record (Garrison, 1981; Pisciotto and Garrison, 1981; Soutar and
others, 1981). In addition, many benthic foraminiferal assemblages from the Twobar Shale are dominated
by common to abundant individuals of Bulimina microcostata Cushman and Parker, an extinct Paleogene
species thought by Milam and Ingle (1982) to have had a special affinity for low-oxygen environments.
The processes by which the low-oxygen muds were deposited are unknown, but by analogy with modern
environments most of the fine sediment probably reached the sea floor as fecal pellets or by downslope
movement of resuspended sediments (Garrison, 1981, p. 23).

The deepest-dwelling foraminiferal assemblages indicate that the shales were deposited at lower
middle bathyal to lower bathyal and possibly abyssal depths (Appendix 1). The presence of abundant
planktic foraminifers indicates that the surface waters in the basin were of normal marine salinity and
connected directly to the open ocean (Sullivan, 1962; Brabb, 1964; Smith, 1971).
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LITHOLOGIC SYMBOLS FOR
STRATIGRAPHIC COLUMNS
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FPiqure 18. Lithologic symbols for stratigraphic columns in this report.
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Figure 19. Inferred stratigraphy, paleobathymetry, and depositional systems
for the San Lorenzo River section at Riverside Grove. See Figure 6 for
location. Stratigraphic nomenclature and thicknesses modified from Brabb
(1960) and Brabb and others (1977). Lithology shown schematically. The
boundary between the middle Eocene and upper Eocene is based on planktic
nannofossil data reported by Warren and Newell (1980). The boundary between
the lower Narizian and upper Narizian is based on benthic foraminiferal data
reported by K. A. McDougall (unpublished data, 1979). Paleontological sample
locations are shown schematically; many more samples have been collected and
processed but could not be shown at the scale of this figure.
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Thin to medium interbeds of massive, bioturbated mudstone occur sporadically and constitute less
than 1% of the Twobar Shale. Individual burrows in these beds are poorly defined by color and textural
mottling and generally are oriented parallel to or at a slight angle to stratification. No detailed study of
the burrows has been made, however. The bioturbated beds probably represent brief episodes in which
low-oxygen conditions abated and burrowing organisms could survive, by analogy with bioturbated
intervals in cores from modern low-oxygen environments (Soutar and others, 1981).

Sandstone interbeds are scattered throughout the Twobar Shale and locally make up as much as
10% of the section (Brabb, 1964). The sandstones are feldspathic arenites and wackes that are similar in
mineralogy to the underlying Butano Sandstone (Cummings and others, 1962). Most of the sandstones in
the Twobar Shale are very fine to medium grained, moderately to well sorted, and normally graded. The
beds are most commonly very thin to medium in thickness and laterally persistent. The lower contacts of
the beds are generally sharp and planar, but sometimes irregular and marked by load casts, groove casts,
and small scours. The upper contacts of most beds are abrupt, but in many cases are gradational into the
overlying shale. Common sedimentary structures in these beds include plane lamination, ripple cross-
lamination, convolute lamination, and small rip-up clasts of shale. The sandstone beds strongly resemble
the facies D sandstones of Mutti and Ricci-Lucchi (1972) and were probably deposited by dilute, low-
density turbidity currents. In most outcrops the sandstones in the Twobar Shale are not obviously
arranged into thinning- or thickening-up sequences and therefore were probably deposited on a flat to very
gently sloping basin plain, by analogy with the depositional models of Mutti and Ricci-Lucchi (1972),
Rupke (1978), and Howell and Normark (1982).

Thick to very thick bedded, normally graded, medium to coarse sandstones also occur in the Twobar
Shale but are volumetrically unimportant. Good exposures are in Soquel Creek, where these beds exhibit
sharp, erosional lower contacts and gradational upper contacts. Most of these beds are massive, but faint
parallel laminations, dish structures, rip-up clasts, and mud diapirs were noted in some. These beds
resemble the facies B and facies C sandstones of Mutti and Ricci-Lucchi (1972) and may have been
deposited by large turbidity currents or grain flows that spilled out onto the basin plain.

Cummings and others (1962) noted that sandstone interbeds in the Twobar Shale are thicker and
more abundant to the west and south, suggesting that they were derived from the same southwestern
source area as the turbidites in the underlying Butano Sandstone. However, this hypothesis should be
tested by detailed paleocurrent studies.

The wide geographic distribution of the Twobar Shale (Figure 16) suggests that low-oxygen
conditions prevailed throughout the La Honda basin, and not just along the basin margins, during late
Narizian time. The causes of this basin-wide anoxic event are unknown, and may have involved
complicated interactions of both tectonics and climate. The simplest explanation for a basin-wide anoxic
event, based on analogy with modern and Neogene margin basins in central and southern California (e.g.,
Ingle, 1980), is that a sill formed across the connection between the La Honda basin and Pacific Ocean.
This hypothetical sill, if it formed at the same depth as the oxygen minimum zone in the Pacific, would
have caused low-oxygen conditions at depths greater than the ”effective depth” of the sill in the La Honda
basin. However, at depths shallower than this effective depth, free circulation of surface waters between
the Pacific Ocean and the La Honda basin would have continued, and the normal marine character of
plankton in the La Honda basin would have been preserved. In addition to sill formation, a general
cooling of world climate during the middle and late Eocene may have led to increased upwelling and
productivity along the California continental margin, resulting in thickening and intensification of the
oxygen minimum zone (Milam and Ingle, 1982).

The conformable contact between the Butano Sandstone and the overlying Twobar Shale records a
change from rapid deposition of coarse sediment to relatively slow hemipelagic deposition of fine-grained
material. The reasons for this change are unknown, but may have involved any or all of the following.
(1) A relative rise in sea level-due to tectonic subsidence, eustatic changes, or both--could have cut off the
supply of coarse sediment to the basin by drowning the sediment source areas or by trapping the sediment
in bays, estuaries, and deltas on the basin margins. (2) A change in climate—for example, a dramatic
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reduction in rainfall--could have caused reduced rates of weathering, erosion, and sediment production in
the source areas adjacent to the basin. (3) The transportation of coarse sediment to the basin may have
been interrupted by a physical barrier, such as an uplifted area that blocked current flow, or a
downdropped trough that trapped sand and gravel but not mud. (4) The sedimentary source area may
have been reduced by erosion to a low-relief plain that no longer contributed sediment to the basin.

In summary, stratigraphic, sedimentologic, and paleontologic evidence suggest that the Twobar
Shale was deposited at water depths of 1500 m or more in low-oxygen environments on a flat or very
gently sloping basin plain. The Twobar Shale was deposited between 44 m.y. and 39 m.y. ago and
records two major events in the history of the La Honda basin: (1) a basin-wide anoxic event, and (2) the
cessation of coarse-sediment deposition on the Butano-Point of Rocks submarine fan. The coincidence in
time of these two events suggests that they shared a common cause. I speculate that these two events
were related to tectonic readjustments that accompanied the change from oblique subduction to normal
subduction along the California margin about 42 m.y. ago (Carlson, 1982). The change in plate motions
may have had local tectonic effects, perhaps including folding or block faulting to form a sill across the
connection between the La Honda basin and Pacific Ocean and subsequent widespread anoxic conditions
in the La Honda basin. The location of the sill is unknown; it may have been the San Gregorio high or
another as-yet unidentified structural salient in the subsurface farther to the west.

With the end of oblique subduction along the California margin about 42 m.y. ago, wrench
tectonism on the proto-San Andreas fault system probably ceased. The La Honda basin, which formed
during the earlier interval of wrench tectonism, persisted as a deep-water basin following the change to
normal subduction about 42 m.y. ago, but the wrench-related uplift of the granitic highlands adjacent to
the basin probably came to a halt. These highlands, which formerly supplied abundant coarse sediment
to the Butano-Point of Rocks submarine fan, were quickly eroded to a low-relief plain, and as a result,
sedimentation in the La Honda basin changed from predominantly sand to predominantly mud. Thus, I
infer that the Butano Sandstone-Twobar Shale contact may be roughly correlated with changes in local
tectonic style that accompanied the shift from oblique subduction to normal subduction along the
California continental margin during the late middle Eocene.

Palinspastic restoration of 305 to 310 km of right-lateral displacement along the San Andreas fault
suggests that the Twobar Shale is the offset correlative of the Kreyenhagen Formation in the southern San
Joaquin basin (Clarke and Nilsen, 1973). Like the Twobar Shale, the Kreyenhagen is of middle to late
Eocene age and was deposited in low-oxygen environments at bathyal depths (Milam and Ingle, 1982).

Rices Mudstone

Introduction

The Rices Mudstone consists mainly of bioturbated mudstone, siltstone, and fine sandstone, with
lesser amounts of turbidite sandstone and bioturbated glauconitic sandstone. The unit was named by
Brabb (1960, 1964), who designated a type section along Kings Creek about 4 km north of "Rices
Junction” (Figures 6, 21).

The Rices Mudstone is widely distributed both in outcrop and in the subsurface on the La Honda
block (Figure 22). However, it is missing from the Woodside-Half Moon Bay area on the northern part of
the La Honda block, and also from the entire Ben Lomond block. The formation was probably removed
from these areas by middle Tertiary erosion, according to stratigraphic relations and paleoenvironmental
interpretations discussed below.

During the 1979 to 1982 field seasons, the best exposed sections of the Rices Mudstone occurred
along Soquel Creek (Figure 23) and along the San Lorenzo River at Riverside Grove (Figure 19). Good
exposures of the "Blooms Creek sandstone” an informal unit introduced in this report for the convenience
of discussion, were located in the Big Basin area along Blooms Creek and Kelly Creek (Figure 22) and in
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Figure 23. Inferred stratigraphy, paleobathymetry, and depositional systems
for the Soquel Creek-Hinckley Creek area. See Figure 6 for location.
Stratigraphic nomenclature and thicknesses modified from Smith (1971) and
Dibblee and others (1978). Lithology shown schematically. Lithologic
descriptions of Twobar Shale, Rices Mudstone, and Zayante Sandstone based on
field observations made along both Soquel and Hinckley creeks. Lithologic
descriptions of Vaqueros Sandstone and Lambert Shale based mainly on field

observations made along Hinckley Creek. Most of the paleontologic data are
from Soquel Creek.
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roadcuts along Highway 236 (Sec. 9-9S-3W) and Little Basin Road (Sec. 9-9S-3W).

Age and Stratigraphic Relations

The Rices Mudstone is of late Eocene to Oligocene age, as indicated by abundant Refugian and
lower Zemorrian benthic foraminiferal assemblages (Brabb, 1960, 1964; Smith, 1971; K. A. McDougall,
unpublished data, 1979) and sparse planktic microfossils. Refugian strata from the San Lorenzo River
section at Riverside Grove (Figure 19) have yielded calcareous nannofossils tentatively assigned to the
NP19-NP20 zones by Warren and Newell (1980). Lower Zemorrian strata from the San Lorenzo River
section and from Mountain Charlie Gulch have yielded planktic foraminifers of the Oligocene P19-P20
zones and low-diversity assemblages of calcareous nannofossils of the Oligocene NP23-NP25 zones (Bukry
and others, 1977; Poore, 1977 and 1980; Poore and Brabb, 1977; Warren and Newell, 1980). Based on
these sparse data and the correlations in Figure 9, I infer that most of the Rices Mudstone was deposited
about 39-30(?) m.y. ago.

The contact between the Rices Mudstone and the underlying Twobar Shale is a disconformity that
coincides with the Narizian-Refugian stage boundary and is marked by a laterally extensive bed of
glauconitic sandstone (Brabb, 1960, 1964). Higher up in the Rices Mudstone, a similar glauconitic
sandstone marks the Refugian-Zemorrian stage boundary, which also appears to be a disconformity
(Brabb, 1960, 1964); this important stratigraphic horizon apparently coincides with the Eocene-Oligocene
boundary of international usage (Warren and Newell, 1980) which occurred about 37 m.y. ago (Vail and
Hardenbol, 1979).

Over most of the La Honda basin, the Rices Mudstone is conformably overlain by the Castle Rock
unit of the Vaqueros Sandstone. This contact has been previously described as gradational (Brabb, 1960,
1964; Cummings, 1960; Cummings and others, 1962). The contact was exposed in 1982 along Twobar
Creek, Kings Creek, and along the San Lorenzo River near Paradise Park; in these areas, the contact is a
transition over a few meters stratigraphically from a lower sequence of mudstone with few or no sandstone
interbeds to an upper sequence of sandstone with numerous mudstone interbeds. On a regional scale, the
upper part of the Rices Mudstone is laterally equivalent to the lower part of the Castle Rock unit of the
Vaqueros Sandstone (Brabb, 1960, 1964). This lateral equivalence is particularly well displayed in the La
Honda area, where electric log correlations by Touring (1959, his Plate 17) show that sandstone beds of
the Vaqueros thin from south to north and eventually pinch out into the Rices Mudstone.

About 5 km north of La Honda, the Vaqueros Sandstone is missing and the Rices Mudstone is
directly overlain by the Mindego Basalt (Figures 14, 15). In this area the Rices-Mindego contact is poorly
exposed and controversial. In much of the La Honda quadrangle this contact is possibly a disconformity
or slightly angular unconformity (Touring, 1959, p. 67) but in some places it may be conformable
(Cummings and others, 1962, p. 193).

Locally, near the Zayante-Vergeles fault, the Rices Mudstone is reportedly overlain by the Zayante
Sandstone. This contact was inferred to be conformable by Clark (1966, 1981) but it may be an
unconformity, as discussed in the section of this report on the Zayante Sandstone.

Thickness

Patterns of thickening and thinning of the Rices Mudstone (Figure 24) are very similar to those of
the underlying Twobar Shale (Figure 17). The Rices Mudstone thickens gradually to the northeast, away
from the Ben Lomond block and toward the San Andreas fault. Stratigraphic relationships discussed
earlier in this report suggest that at least part of this northeastward thickening is due to lateral facies
changes; the upper part of the Rices Mudstone to the northeast was probably deposited at the same time
as the lower part of the Castle Rock unit of the Vaqueros Sandstone to the southwest.



6d

*QUOISPNN S@OTH 8Y3 FO uorjzrsodep ausdobT10 Arave pue

sueoog #3vT eY3 Buranp ear3ysod ATTRIN3ONIIE ueaq eavy Lew 3wyl ButuUTY}
«UBTY oTI0b68ID Ueg, BY3 PuU® LYBTY X9OID ISIVMIRL.

SNOTPWOUR JO SVaI® 2I%
8yl °zZ @xnbIJ UT sSe peTeqel S3TneF JIOo(®R
sebuwys uURTIIOWeZ puR uwIbnZey Y3 Y3zoq Burpniour ‘uorlvwIocF
S8ITIU® 8Y3 JFO 3IVYI ST UMOYS SESSUXOTYI YL
UT w3Ep UO peseq ‘SUOISPNK S8OTY 9Y3I FO SSAUNDOTYI Y3 o dew

ay3 pue

*@UO3SpURS YeexD swooTd

‘$ puw ¢ saotTpuaddy

‘¥yZ 9Inbtd

w ot

doioino juaweseg e

Wney joley _—__—

aoeINSQNS U}
UOI}BOUNI} |BUOISOIE B|QISSOd

- —_—

w Ot 0

jujod ejep
u01}098-88040 10 d0JOINQ

juiod ejep (8M

$19)aw jO spaspuny
Uy JNOJUOD SSBUNDIYL

T C

HOIH Y3340 HILYMHEVL

(NVIHHOW3Z ANV NVIONd43H)
INOLSANW S3DIY
‘dVIN SSINMODIHL

YlioN

v,
)

+
%
r
+

"NIW L

4v§

YHYLINOW

+ 4+




61

*ZZ @aanbtg ut
se paraqerl s3jIney loleW ‘¢ pue g saotrpuaddy ur e3Ep UO paseq ‘BUO3SPNK

sa0Tyd 8y3 3o 3xed uerbnzay a8yl 3JO SSAUNOTYI 9yl 3o dew -Gz oanbtg

juiod ejep
uo1}08S-85040 JO doJoInQ v

dooino jusweseg @ wiod elep |19M ° ATNO 1Hvd NvVION43YH

‘ANOLSANWN S301d

‘dVIN SS3INMIJIHL
jiney Jole Si8jdw JO spaipuny —
ines W~ ul ‘JNOJUOD SSOUNDIY ] ¢ —
o
[ e
un ot 0 /
) yiioN
[—— ]
1w o4 0 W N\
o¢
—
P
EY.v4

avs

VHVYLINOW




Near La Honda, the Rices Mudstone thins over the inferred Tarwater Creek high. The formation
also thins westward onto the flank of the inferred San Gregorio high.

The Rices Mudstone is missing from the northern part of the La Honda block in the Woodside-Half
Moon Bay area. Figure 24 shows an implied east-west truncation of north-trending thickness contours in
this area. This truncation suggests that the Rices Mudstone was deposited in the Woodside-Half Moon
Bay area and then removed by erosion, probably prior to deposition of the Vaqueros Sandstone in that
area (Figure 14).

The Rices Mudstone is also missing from the area southwest of the Zayante-Vergeles fault, and from
the crest of the inferred San Gregorio high. The pattern of thickness contours in Figure 24 suggests that
the Rices Mudstone, if it ever was deposited in these areas, was thinner than over most of the rest of the
La Honda basin.

Data on the thickness of the Refugian part of the Rices Mudstone are limited but show that the
Refugian Stage in the La Honda basin thickens gradually to the northeast toward the San Andreas fault
(Figure 25). In addition, these data suggest that Refugian strata are present in the subsurface in the area
northwest of Big Basin. This interpretation differs from that of Brabb (1960, p. 50), who inferred on the
basis of other data that Refugian strata were removed from this area by early Zemorrian erosion.
However, paleontologic reports provided by Gulf Qil Co., Exxon USA, and Texaco USA show that
Refugian faunas are present in several wells in the area, including the Western Gulf Wells Fargo #1
(Figure 26), the Humble Santa Cruz Lumber Co. #1 (Figure 27), and the Texaco Ford #1.

Lithology

The major categories of rocks in the Rices Mudstone, recognized mainly on the basis of field
characteristics, are as follows: (1) bioturbated mudrocks, which comprise most of the formation; (2)
bioturbated sandstones, which occur as interbeds throughout the formation but make up 90% or more of
the unit in the Blooms Creek and Kelly Creek areas; (3) turbidite sandstones; and (4) glauconitic
sandstones. The latter two categories make up less than 5% of the formation.

Bioturbated mudrocks. --

Mudrocks in the Rices Mudstone range from claystone to siltstone, but mudstone is the most
common. In outcrop these different mudrocks grade almost imperceptibly from one to another and into
the bioturbated sandstones described below.

Most mudrocks are gray brown to brown on fresh surfaces. Thin-sections show that the mudrocks
consist chiefly of angular grains of silt and fine sand in a light brown argillaceous matrix. Most of the silt
and sand grains are quartz and feldspar, but biotite, muscovite, chlorite, hematite, and glauconite are also
common as detrital grains. Microfossils are abundant and include foraminifers, fish fragments, echinoid
spines, and sponge spicules; radiolarians, diatoms, and calcareous nannofossils are also present but are
much less numerous (Brabb, 1960). Megafossils are common in some outcrops and include many species of
bivalves and gastropods as well as plant fragments (Arnold, 1908; Brabb, 1960). Tellinid bivalves are
particularly common and occur as articulated shells and disarticulated valves scattered at random
orientations in the mudrocks.

In most outcrops the mudrocks are apparently unstratified or only crudely stratified, with bedding
poorly defined by elongate concretions or by subtle variations in resistance to weathering. Sedimentary
structures are difficult to observe due to the chippy and spheroidal weathering of most outcrops, and
perhaps as a result the mudrocks have been described in the past as "massive” (e.g., Brabb, 1960, 1964).
However, detailed observation of dozens of water-polished outcrops and sawn slabs show that virtually all
of the seemingly " massive” mudrocks are bioturbated (Figure 28), an important feature that has not been
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other sedimentary structures observed were the granule and pebble lags noted above and a faint
stratification in some outcrops defined by the parallel alignment of the shells of fossil bivalves.

The glauconitic sandstones range from friable to very hard and cemented by calcite. Euhedral
crystals of pyrite are abundant in some outcrops.

The two horizons of glauconitic sandstone described above appear to mark significant regional
disconformities. Evidence for the disconformities is as follows:

(1) By analogy with well-studied glauconitic sediments in both modern environments and ancient
rocks, the two horizons of glauconitic sandstone in the Rices Mudstone probably record long intervals of
very slow deposition or nondeposition and prolonged exposure on the sea floor (McRae, 1972; Kennedy
and Garrison, 1975a, 1975b; Garrison and others, 1979; Odin and Matter, 1981).

(2) The two glauconitic horizons apparently coincide with two important biostratigraphic breaks, the
Narizian-Refugian and Refugian-Zemorrian stage boundaries (Brabb, 1964).

(3) The lower contacts of both glauconitic horizons are knife-sharp and clearly erosional, and marked
by borings made by unidentified bioeroding organisms into the underlying rocks.

Thus, each of the two disconformities consists of two components: (a) a sharp lower contact that
represents erosion of the underlying rocks, and (b) an overlying glauconitic sandstone that probably
represents an interval of very slow deposition or nondeposition. However, the thickness of section that is
missing due to erosion and the amount of geologic time represented by the erosional surface and
glauconitic sandstone are unknown. No local formations or biostratigraphic units appear to be missing
along these disconformities (Brabb, 1964) with one possible exception. In the San Lorenzo River section
at Riverside Grove (Figure 19), a subzone of the lower Refugian Stage may be missing from the base of
the Rices Mudstone, with the missing interval represented by the basal Refugian disconformity (K. A.
McDougall, unpublished report, 1979).

The origins of the glauconite and phosphate grains in these sandstones are unknown. Petrographic
evidence noted above suggests that some of the glauconite formed by replacement of detrital biotite,
perhaps in the manner proposed by Galliher (1935). Most of the glauconite grains, however, are not
obviously replacements of biotite and may have formed in other ways, perhaps by replacement of fecal
pellets, fossil fragments, and other materials (Odin and Matter, 1981). The phosphate granules and
pebbles may have been derived by erosion and winnowing of the underlying Twobar Shale, which contains
abundant phosphate nodules as noted previously. Alternatively, the phosphate pebbles may have formed
by complex burial-exhumation cycles analogous to those inferred by Kennedy and Garrison (1975b) for the
Cretaceous of England. No detailed petrographic studies have attempted to test these hypotheses.

The two disconformities in the Rices Mudstone probably formed at bathyal depths, based on the
following evidence. First, both the basal Refugian and basal Zemorrian disconformities are underlain and
overlain by marine mudrocks that were deposited at water depths greater than 1500 m to 2000 m,
according to benthic foraminiferal paleobathymetry in the San Lorenzo River section (Figure 19), the
Soquel Creek-Hinckley Creek section (Figure 23), the Humble Santa Cruz Lumber Co. #1 well (Figure
27), and the Kings Creek section (Figure 21). Second, there is no physical or paleontological evidence of
erosion or deposition in shallow marine or nonmarine environments. A possible exception is the
occurrence of presumably shallow-water molluscs in the basal Refugian glauconitic sandstone in the Soquel
Creek area (Smith, 1971), but these fossils may have been transported into deeper water and redeposited.
Both the basal Refugian and basal Zemorrian disconformities must have been created by events that were
regional in scope, because they are correlatable over almost the entire length of the preserved part of the
La Honda basin. The detailed nature of these events is unknown. Presented below are three working
hypotheses that may account for the origins of the disconformities.
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(1) One or both of the disconformities may have formed as a result of eustatic changes in sea level.
Vail and others (1981) have identified glauconitic "marine condensed sections” that represent substantial
intervals of geologic time and form during rapid eustatic rises of sea level. During a rapid rise, terrigenous
sediments are trapped on the shelves, leading to cessation of terrigenous sedimentation in deeper water
and creation of a ”starved basin” in which glauconitic sediments form. The glauconitic sediments are
commonly underlain by erosional surfaces formed during the preceding lowstand of sea level. The
processes that create these erosional surfaces are not known but may include erosive turbidity currents or
"major deep ocean boundary currents” (Vail and others, 1980). The basal Zemorrian disconformity in the
La Honda basin may have formed in the same manner as these "marine condensed sections,” and may be
correlated with a eustatic fall in sea level and subsequent rapid rise that occurred at the Eocene-Oligocene
boundary about 37 m.y. ago (Vail and Hardenbol, 1979). The basal Refugian disconformity in the La
Honda basin, however, does not appear to correlate with Vail and Hardenbol’s sea level curves. A major
eustatic drop in sea level occurred at the middle Eocene-upper Eocene boundary about 40 m.y. ago (Vail
and Hardenbol, 1979); but, as mentioned earlier, available biostratigraphic evidence shows that this
boundary occurs within the Twobar Shale and is not marked by any obvious physical surface.

(2) One or both of the disconformities may have formed as a result of local or regional tectonic
events. Rapid tectonic subsidence and bathymetric deepening of the entire basin, accompanied by the
drowning of sediment source areas and the trapping of terrigenous sediments on the shelves, could have
created starved-basin conditions favoring erosion by bottom currents and the formation of glauconite.
Such an explanation has been invoked to explain the origin of glauconitic sandstones in the Tertiary
record of the Salinas basin (Graham, 1976; Garrison and others, 1979). The basal Zemorrian glauconitic
sandstone in the La Honda basin may have formed in an analogous manner. This interpretation is
supported by evidence from foraminiferal paleobathymetry, which indicates that an abrupt deepening of
several hundred meters occurred at the Refugian-Zemorrian boundary in the Kings Creek area (Figure 21)
and possibly also in the Soquel Creek area (Figure 23). Speculatively, this rapid deepening may reflect
rapid tectonic subsidence, and may be related to a change in the rate of spreading on the Farallon-Pacific
ridge about 37 m.y. ago (Engebretson, 1982). This hypothesis of rapid deepening and tectonic subsidence,
however, does not explain the origin of the basal Refugian glauconitic sandstone in the La Honda basin,
which is associated with rapid shallowing according to benthic foraminiferal paleobathymetry in the Kings
Creek and possibly the Soquel Creek areas (Figures 21 and 23).

(3) One or both of the disconformities may have formed by erosion, winnowing, and removal of fine
sediment by high energy bottom currents. Some possible causes of episodic powerful bottom currents
include: (a) local or regional tectonic events that cause changes in basin morphology and therefore affect
current patterns; (b) climate changes that lead to intensified current activity in the world oceans, and (c)
meteorite impacts (Fischer and Arthur, 1977; Angstadt and others, 1983). The basal Refugian
disconformity records a significant environmental change from anoxic deposition of the laminated Twobar
Shale to well-oxygenated deposition of the bioturbated Rice Mudstone. I speculate that this change was
caused by tectonic events that destroyed the sill that had previously maintained low-oxygen conditions in
the La Honda basin during deposition of the Twobar Shale. Sudden removal of the sill would result in
rapid reorganization of water masses in the La Honda basin; the homogeneous low-oxygen water mass of
the silled basin would be quickly replaced by the stratified system of water masses that prevailed in the
adjacent open ocean. The rapid exchange of waters between the La Honda basin and the Pacific Ocean
may have been accompanied by vigorous bottom currents that eroded and winnowed an unknown
thickness of sediment from the upper part of the Twobar Shale. The glauconitic sand, in this scenario,
represents mainly a lag deposit left behind by winnowing and removal of the silt and clay fractions of the
Twobar Shale.

To speculate further, an equally catastrophic event may explain the basal Zemorrian disconformity
in the La Honda basin. Data from oxygen isotopes suggest that a major episode of rapid cooling of the
world ocean occurred about 37 m.y. ago at the Eocene-Oligocene boundary (Shackleton and Kennett,
1975; Savin, 1977). This cooling was associated with increased rates of convection in the oceans and
vigorous bottom currents that resulted in erosion and the development of widespread submarine
unconformities (Rona, 1973; Fischer and Arthur, 1977; Kennett, 1977; Olsson and others, 1980). The
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basal Zemorrian disconformity in the La Honda basin, which formed about 37 m.y. ago according to
available biostratigraphic evidence, may have formed during this episode of worldwide deep-sea
commotion and erosion.

Depositional Systems and Provenance

The Rices Mudstone was deposited during the late Eocene and early Oligocene in a marine basin at
water depths greater than 1500-2000 m. The bottom waters of the basin were well-oxygenated and
supported an active and abundant burrowing infauna, as well as many species of molluscs, benthic
foraminifers, and other marine invertebrates. Most of the formation consists of bioturbated mudstone,
siltstone, and fine sandstone that accumulated on a basin plain that was flat or sloped gently to the north
and northeast. However, turbidite sandstones arranged in thickening-upward sequences occur locally and
suggest that parts of the formation were deposited on the outer fringes of a prograding submarine fan.

In the lower part of the formation, the lower and upper boundaries of the Refugian Stage are
regional disconformities marked by horizons of glauconitic sandstone. The disconformities represent
basin-wide episodes of at least minor erosion and sediment starvation, but the causes of these episodes—
whether eustatic, tectonic, or more exotic--are unknown. The two disconformities could have formed by
the same or by different mechanisms.

The upper part of the Rices Mudstone becomes coarser-grained to the southwest, suggesting that the
main source of terrigenous sediment lay in that direction (Brabb, 1960, 1964). A sediment source to the
southwest is also suggested by (1) a single paleocurrent measurement on a flute cast indicating flow
toward the northeast, and (2) the mineralogy of the sandstones, which consist mainly of quartz, feldspar,
and biotite that were most likely derived from the nearby Salinian granitic terrane to the southwest.

Vaqueros Sandstone

Introduction

The name "Vaqueros” was originally applied to arkosic sandstones in the Los Vaqueros Valley area
of the Salinas basin by Hamlin (1904). The term was subsequently applied by Haehl and Arnold (1904)
and Branner and others (1909) to sandstones in the La Honda basin that are generally similar in lithology
and fossil content to those in the Los Vaqueros Valley. The use of the name "Vaqueros” in the La Honda
basin has persisted up to the present time even though the type section of the Formation is in the Salinas
basin (Thorup, 1943), and despite recent investigations which show that the Salinas and La Honda basins
are distinct and separate accumulations of strata that were deposited in two different marine embayments
during the middle Tertiary (Graham, 1976, 1978).

In the La Honda basin, strata mapped as Vaqueros Sandstone by Cummings and others (1962) and
by Brabb (1970) consist of Oligocene and lower Miocene sandstone, mudstone, and minor conglomerate
that have a wide geographic distribution (Figure 32). The internal stratigraphy of the Vaqueros, and its
stratigraphic relationships with surrounding formations, are complex {Figure 14). Data on thickness and
stratigraphic relationships described below show that the Vaqueros consists of two large basinward-
thinning wedges of coarse sediment, one on the north and the other on the south (Figures 14 and 33).

At the northwestern tip of the basin, the Vaqueros Sandstone of the Woodside area forms a
southward-thinning wedge that was derived from a granitic source area to the northwest (Mack, 1959).
This wedge of sandstone apparently pinches out and is not physically connected to the rest of the
Vaqueros Sandstone to the southeast (Figures 14 and 33), but the details of this relationship are unclear
due to poor outcrops and sparse well control.
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A second and much larger wedge of coarse sediment reaches a thickness of more than 1200 m in the
Bear Creek-Zayante Creek area near the Zayante-Vergeles fault (Figure 33). This wedge is composed of
three stratigraphic units: the ”Castle Rock” and "Laurel” units of the Vaqueros Sandstone which
represent submarine fan and shelf depositional systems, respectively, and the Zayante Sandstone which
probably represents coarse-grained fluvial and deltaic systems (Figure 14). The similarities and differences
between these units are summarized in Table 3.

From the depocenter in the Bear Creek-Zayante Creek area, the great wedge of coarse sediment
formed by the Vaqueros and Zayante sandstones thins radially to the southeast, east, and north (Figure
33). The northward thinning and eventual pinchout of the Vaqueros Sandstone in the La Honda area is
due mainly to lateral interfingering with the Rices Mudstone, Mindego Basalt, and Lambert Shale (Figure
14; Touring, 1959; Cummings, 1960; Cummings and others, 1962). Also in the La Honda area, sparse well
control suggests the presence of three areas of anomalous thinning that are interpreted as structural
positives. Two of these—the Tarwater Creek and San Gregorio highs--also appear on thickness maps of
the Twobar Shale and Rices Mudstone, and therefore persisted from at least the late Eocene to the
Oligocene (Figures 17 and 24). A third structure--the Star Hill high--is inferred to have separated the
Vaqueros Sandstone of the Woodside area from the northward-thinning wedge of Vaqueros in the central
La Honda basin.

Castle Rock unit
of the Vaqueros Sandstone

Introduction

The Castle Rock unit consists mainly of feldspathic sandstone interbedded with mudstone and shale,
along with minor olistostromes and bioturbated glauconitic sandstone. Lenses of basaltic volcanic rocks
occur locally and are described in the section of this report on the Mindego Basalt.

The Castle Rock unit is named informally in this report for the Castle Rock Ridge quadrangle,
where it is well-exposed in the Kings Creek, Twobar Creek, and upper Zayante Creek sections (Figures 21,
34, and 35) as well as along Bear Creek and in roadcuts along Skyline Boulevard.

Age

The Castle Rock unit ranges in age from early Oligocene to early Miocene as shown by locally
abundant microfossils and a few megafossils. Benthic foraminifers from outcrops and wells indicate that
the Castle Rock unit ranges from early Zemorrian to Saucesian, but most of the unit seems to have
accumulated during the Zemorrian (Appendix 1; Kleinpell, 1938; Cummings and others, 1962; Fairchild
and others, 1969; Smith, 1971; K. A. McDougall, unpublished report, 1979). Fossil molluscs, though not
abundant and often fragmentary, have been collected from the unit at several localities and include
Pecten sanctaecruzenzis Arnold, which is characteristic of the unnamed lower Oligocene stage of Addicott
(1972), and Macrochlamis magnolia (Conrad) and Turritella inezana, Conrad, which are characteristic of
Addicott’s Vaqueros Stage (Burchfiel, 1958; Brabb, 1960; Cummings, 1960; Cummings and others, 1962).
Calcareous nannofossils collected from the Castle Rock unit in the Bear Creek, Zayante Creek, and
Mountain Charlie Gulch areas are representative of the Oligocene NP23 to NP25 zones, but could not be
assigned to specific zones because the assemblages consist mainly of long-ranging species (Bukry and
others, 1977; R. Z. Poore, unpublished data, 1981). These data indicate that the Castle Rock unit was
deposited between 37 m.y. and 18 m.y. ago, an unusually long interval of time.
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Figure 34. Inferred stratigraphy, paleobathymetry, and depositional systems

for the Twobar Creek section. See Figure 6 for location. Stratigraphic
nomenclature and thicknesses modified from Brabb (1960) and Brabb and others
(1977). The Castle Rock and Laurel units are roughly equivalent to cosets M

and N, respectively, of Brabb (1960) and Brabb and others (1977). Lithology
shown schematically. Assignment of the Laurel unit of the Vagqueros Sandstone
to the Saucesian and Upper Zemorrian stages is based on correlation with
well-dated rocks of similar lithology and stratigraphic position in the lower

Zayante Creek section, located along strike about 10 km east of the Twobar
Creek section.
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Figure 35. 1Inferred stratigraphy, paleobathymetry, and depositional systems
for the upper Zayante Creek section, on the north limb of the San Lorenzo
syncline. See Figure 6 for location. Stratigraphic nomenclature and
thicknesses in part from Brabb and others (1977). Lithology shown
schematically. The entire Vaqueros Sandstone in this section is tentatively
assigned to the Castle Rock unit, but the upper 250 m of the Vagueros is very
poorly exposed and may include strata of the Laurel unit.
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Stratigraphic Relations

The Castle Rock unit conformably overlies the Rices Mudstone over nearly the entire La Honda
block from southeast of Corralitos to the pinchout northeast of La Honda (Figures 14, 15, and 33). As
mentioned earlier, the pinchout occurs in the subsurface and is due mainly to lateral interfingering with
the Rices Mudstone, Mindego Basalt, and Lambert Shale. However, some of the thinning may be due to
Oligocene or early Miocene erosion. Based on subsurface data, Touring (1959, his Plate 17) suggested that
in some places the Castle Rock unit is overlain unconformably by the Mindego Basalt. Thus, some of the
thinning of the Castle Rock unit may be the result of erosion that occurred prior to accumulation of the
Mindego Basalt.

Farther south, the Castle Rock unit is overlain by and partly laterally equivalent to the Laurel unit
of the Vaqueros Sandstone, and also the Zayante Sandstone (Figures 14, 15). Stratigraphic relationships
in this area are discussed in detail in the section of this report on the Laurel unit.

The Castle Rock unit is missing from the Ben Lomond block. If it ever was deposited there, it was
removed by Oligocene or early Miocene erosion prior to deposition of the lower Miocene (Relizian)
Lompico Sandstone, which rests nonconformably on the granitic basement.

Lithology

The major categories of rocks in the Castle Rock unit are as follows: (1) feldspathic sandstones,
which make up most of the unit; (2) mudrocks, which are interbedded with the sandstones and locally
make up 30% to 50% of the section; (3) olistostromes; and (4) bioturbated glauconitic sandstones. The
latter two categories together make up less than 1% of the Castle Rock unit.

Feldspathic sandstones. --

Feldspathic arenite and wacke are the most abundant and typical rocks in the Castle Rock unit. In
most outcrops they are light gray to light brown on fresh surfaces and weather various shades of brown.

Visual estimates of composition from thin-sections and sieve samples by Cummings (1960) and
Brabb (1960) show that the sandstones generally consist of 40-80% quartz, 20-50% feldspar, and 0-10%
lithic fragments, with up to 5% biotite and lesser amounts of other minerals. Potassium feldspar is
generally more abundant than plagioclase. The most common lithic fragments are chert, silicic volcanic
rocks, and granitic rocks; less common are fine sandstone and siltstone, quartzite, mica schist, and
unidentified foliated metamorphic rocks. Fresh fragments of basalt occur in some beds and probably were
derived from local volcanic centers that were active during the late Oligocene and early Miocene and are
discussed in the section of this report on the Mindego Basalt.

The sandstones range from highly weathered and friable to hard and well-cemented. The most
common cements are calcite and dolomite, but laumontite occurs locally in the Saratoga Gap area
(Madsen and Murata, 1970). Argillaceous material is a common cement in many outcrops, but it is not
clear whether the clay minerals are detrital, formed during deep burial diagenesis, or are merely products
of surface weathering. Calcitic and dolomitic concretions are common.

The sandstones of the Castle Rock unit can be divided very generally into three groups on the basis
of recurrent associations of bed thickness, grain size, and sedimentary structures: (1) thick to very thick
bedded, coarse grained, massive sandstones that are commonly amalgamated to form intervals from one to
many m thick; (2) thin bedded, fine grained sandstones that commonly exhibit normal grading and Bouma
sequences and are interbedded with roughly equal amounts of mudrock; and (3) thick to very thick
bedded, fine grained, thoroughly bioturbated sandstones. The thick bedded coarse sandstones probably
represent deposition in channels on a submarine fan while the thin bedded sandstones and bioturbated
sandstones probably were deposited in interchannel areas. These three categories of sandstones are
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discussed in further detail below.

(1) Thick bedded coarse sandstone.

Intervals of seemingly "massive” sandstone ranging in thickness from less than one m to more than
60 m form numerous cliffs along Castle Rock Ridge (Figure 36), as well as monoliths such as Castle Rock
and Goat Rock, and numerous cliffs and waterfalls in the stream valleys of the Santa Cruz Mountains.
The sandstones range in texture from fine to very coarse and pebbly but most are medium to coarse
grained. The sorting ranges from poor to moderate, and the shapes of the sand grains range from angular
to rounded. The granules and pebbles are generally well-rounded and consist mainly of silicic volcanic
and granitic rocks. Megafossils are uncommon, but gastropods, pectinids, oysters, and other bivalves have
been discovered in several areas including the Corralitos Creek, Kelly Creek, Twobar Creek, and Kings
Creek sections (Burchfiel, 1958, 1964; McCollom, 1959). Most of these megafossils are broken, suggesting
that they were transported for some distance prior to deposition (Cummings and others, 1962).

Close inspection of good outcrops reveals that nearly all of these very thick intervals of sandstone
are composite and made up of two or more amalgamated beds ranging from 30 cm to more than 100 cm
thick. The amalgamation surfaces are defined by abrupt changes in texture, by truncations of
sedimentary structures such as convolute laminations and burrows, and by thin, laterally discontinuous
horizons of mudrocks. Both the amalgamation surfaces and the bases of the amalgamated intervals are
sharp and erosional, generally scoured and irregular, and sometimes marked by flute casts, groove casts,
load casts, and flame structures (Figure 37). The amalgamated intervals are commonly laterally persistent
and of constant thickness across single outcrops (usually less than 10 m) but probably are lenticular on a
large scale because individual amalgamated intervals cannot be correlated between adjacent creeks, which
in general are separated by distances of one km or more.

Relatively few sedimentary structures are found in these sandstones. Most beds are massive, but
some exhibit planar to low-angle lamination. In some cases, plant fragments are concentrated along these
laminae. Rip-up clasts of mudrocks and fine sandstone are fairly common. Normal grading is present in
some beds but is commonly restricted to the upper parts of the beds. The tops of some beds exhibit
convolute laminations, while the tops of others are bioturbated. No dish structures were observed.

These sandstones resemble the facies A and B turbidites of Mutti and Ricci Lucchi (1972). The
processes by which such sandstones are deposited are poorly understood, but probably include high-
velocity turbidity currents, grain flows, sandy debris flows, and other types of sediment gravity flows
(Mutti and Ricci Lucchi, 1972; Middleton and Hampton, 1976; Howell and Normark, 1982). I infer that
the thick bedded coarse sandstones in the Castle Rock unit represent channel deposits on a submarine fan,
based on their large-scale lenticularity, erosional lower contacts, stratigraphic association with the
turbidite sandstones and bathyal mudrocks described below, and analogy with similar deposits in the
submarine fan models of Mutti and Ricci Lucchi (1972) and Walker (1978, 1979).

(2) Thin bedded fine sandstones.

The thick bedded coarse sandstones described above alternate with intervals of thin bedded fine
sandstone and interbedded mudrocks that range from less than one m to more than 100 m thick. In
general, the ratio of sandstone to mudrocks within these intervals is about 1:10 to 2:1; however, ratios of
20:1 and higher occur in places, for example along the Big Basin Road (Highway 236) near Blooms Creek,
and also along the same road about 1.1 km south of Waterman Gap (Figure 6).

The sandstones range in texture from fine to coarse, but most are very fine to fine. The sands range
from poorly sorted to well sorted, and the grains are angular to subrounded.

The sandstones range from very thin to medium bedded, but most are very thin to thin. Most beds
are laterally persistent across the outcrop (generally less than 10 m), but lenticular beds that appear to fill
small-scale channels are common locally and are particularly well exposed in the Corralitos Creek section
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sandstones formed at certain times when, for reasons that are unclear, rates of sedimentation were low
compared to rates of biological reworking of the sediment.

Mudrocks. --

Mudrocks occur as interbeds throughout the Castle Rock unit of the Vaqueros Sandstone. The
mudrocks are generally very thin to thin bedded, but in places form horizons that are several tens of m
thick. The mudrocks are generally poorly exposed and chippy-weathering in roadcuts and on hillsides,
but are well-exposed in water-polished outcrops along the bottoms of stream valleys.

Mudrocks in the Castle Rock unit include bioturbated claystone, mudstone, and siltstone, as well as
laminated shale. Bioturbated mudstone and siltstone (Figure 40) make up more than 90% of the
mudrocks in the unit and were most likely deposited in well-oxygenated bottom waters. These
bioturbated mudrocks are nearly identical in lithology to those in the underlying Rices Mudstone and
described in an earlier part of this report.

Laminated dark-colored shales occur in places near the top of the Castle Rock unit and suggest a
change from well-oxygenated to anaerobic bottom conditions. The shales are fairly well exposed along
Fall Creek and in roadcuts along Highway 9 near Saratoga Gap (Figure 6). These laminated shales are
similar in lithology to those in the overlying Lambert Shale described in a later part of this report.

Assemblages of benthic foraminifers from both the bioturbated mudrocks and the laminated shales
indicate deposition in lower middle bathyal to lower bathyal environments, and water depths greater than
1500 m to 2000 m (Appendix 1). The processes by which the muds were deposited are unclear. The
interbedding of the mudrocks with turbidite sandstones suggests that the mud was deposited by the fine-
grained ”tails” of sandy turbidity currents, or by muddy, low-density turbidity currents. However, much
of the mud may have been deposited as fecal pellets falling from the overlying water column, by analogy
with modern California margin basins (Garrison, 1981).

Olistostromes. --

Olistostromes, or probable debris-low and slump deposits, are uncommon in the Castle Rock unit
and generally poorly exposed. Several olistostromal beds occur in the upper Zayante Creek section
stratigraphically above the prominent glauconitic sandstone (Figure 35), and a single olistostrome is fairly
well exposed in a roadcut along Big Basin Road (Highway 236) about 1.1 km south of Waterman Gap
(Figure 6).

The thickness of the olistostromal beds ranges from about 25 ¢cm to more than 2 m. In general, the
deposits consist of cobble to boulder sized clasts of mudstone, sandstone, quartzite, and other rock types
in a matrix of fine to coarse sandstone. Most of the mudstone and sandstone clasts are angular and
irregular in shape, and similar in lithology to the interchannel deposits of the Castle Rock unit described
earlier in this report. Also present in some beds are large blocks, up to 2 m long, of chaotically deformed
intervals of interbedded sandstone and mudstone; these are interpreted as large chunks of interchannel
deposits that were eroded from channel walls or slump scars.

The depositional processes and significance of the olistostromes in the Castle Rock unit are difficult
to pin down because the exposures are few and poor. The ones in the upper Zayante Creek section occur
stratigraphically in an interval interpreted as middle fan channel and interchannel deposits, and therefore
may represent sediments that slumped or were eroded from the sides of channels and were subsequently
redeposited by channelized debris flows. These and the other olistostromes in the Castle Rock unit
correspond to facies F in the scheme of Mutti and Ricci Lucchi (1972).
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Bioturbated glauconitic sandstones. --

At least two horizons of bioturbated glauconitic sandstone occur within the Castle Rock unit. Both
horizons are laterally persistent and have been correlated and mapped from one stream valley to another
by Burchfiel (1958, 1964), McCollom (1959), and Brabb and Dibblee (1979). One of these glauconitic
horizons was traced from the Twobar Creek area to near Inspiration Point on Highway 17, a distance of
about 12 km, by McCollom (1959).

The glauconitic sandstones are poorly exposed. During the 1980-1982 field seasons I examined an
outcrop in a landslide in the upper Zayante Creek section (Figure 35) and two outcrops along Bear Creek
south of the Bear Creek Road bridge (Figure 6). In none of these outcrops are the upper or lower contacts
exposed, but the glauconitic horizons appear to be about 2-4 m thick.

The glauconitic sandstones are green on fresh surfaces and weather to shades of reddish and orangish
brown. They are generally medium to coarse grained and pebbly, and poorly sorted. They are
thoroughly bioturbated; the burrowing is defined by textural and color mottling, and by knobby
weathering surfaces.

Mineralogically, the sandstones consist of about 20-80% green glauconite, 15-609% quartz, 5-30%
feldspar, and 0-5% lithic fragments. The glauconite grains are generally fine to medium sand size and
ovoid to irregular in shape. The irregular grains appear to have originated as ovoid grains that were
squashed between harder grains of quartz and feldspar during compaction. Some of the glauconite grains
appear to be aggregates of several smaller grains cemented together by glauconite cement; apart from this,
no internal microstructure was observed in the glauconite grains. The feldspars include both potassium
feldspar and plagioclase. The lithic fragments are mainly chert, silicic volcanic rocks, and granitic rocks;
granitic pebbles and cobbles occur scattered in the sandstone in the two outcrops along Bear Creek.
Other mineral grains in the glauconitic sandstones include biotite, garnet, zircon, and other heavy
minerals, but together these make up less than 1-2% of the rock. I found vertebrate bones up to 20 cm
long in the upper Zayante Creek exposure; bones also occur in the Bear Creek and Twobar Creek areas,
according to Burchfiel (1958).

The glauconitic sandstones range from friable to hard. The most common cement is a nearly
isotropic, very fine grained material apparently composed of clays and limonite(?), but small amounts of
glauconite and calcite cement also occur.

The origin and stratigraphic significance of the glauconitic sandstones are unknown, in large part
because the exposures are so poor. They may represent sands that were transported from shallow water
and redeposited in deeper water on the Castle Rock fan; however, the sandstones are thoroughly
bioturbated and no evidence of deposition from turbidity currents or other sediment gravity flows has
been observed. Alternatively, the Castle Rock glauconitic sandstones may be analogous to the basal
Refugian and basal Zemorrian glauconites of the Rices Mudstone, and may represent periods during which
sedimentation on the Castle Rock submarine fan slowed considerably and perhaps stopped altogether.
However, the glauconitic horizons of the Castle Rock unit do not correspond to any important
biostratigraphic breaks, at least as far as is known. Speculatively, the Castle Rock glauconitic horizons
may mark disconformities and represent periods of abrupt subsidence or abrupt eustatic rises in sea level
that resulted in drowning of sediment sources, trapping of sediments in shallow-marine and nonmarine
settings, and temporary cessation of sedimentation on the Castle Rock submarine fan.

Paleocurrents

About 90 paleocurrent measurements, mainly from flute casts, groove casts, and ripple cross-
lamination, were obtained from the Castle Rock unit (Figure 41, Appendix 5). The measurements were
made in the field without regard to stratigraphic position, but most of them appear to be from the lower
Zemorrian part of the unit.
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Figure 41. Paleocurrents in the Castle Rock unit of the Vaqueros Sandstone.
Map shows vector mean (v) and number of measurements (n) at each locality.
Major faults labeled as follows: BF = Butano fault, BLF = Ben Lomond fault,
SAF = San Andreas fault, SGHF = San Gregorio-Hosgri fault, ZVF = Zayante-
Vergeles fault. Rose diagrams summarize measurements from all 1localities on
cross-stratification, flute casts, and groove casts; r/n = vector strength.
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These limited data suggest that the dominant direction of sediment transport was to the north and
northeast. The paleocurrents define a generally radial pattern emanating from a weakly-defined vertex in
the Boulder Creek area (Figure 41). This radial pattern is consistent with interpretation of the Castle
Rock unit as an ancient submarine fan. The scatter in the paleocurrent data, viewed in terms of the
model of sediment dispersal on submarine fans proposed by Nilsen and Simoni (1973), probably is the
result of downfan transport of sediment along channels that were meandering and braided (rather than
straight), as well as overbank transport of sediment out and away from the channels.

Large-scale Variations in Lithology

Maps of sandstone grain size and sandstone-to-mudstone ratio prepared by McCollom (1959) show
that the Castle Rock unit of the Vaqueros Sandstone becomes generally finer grained to the north and
northeast of the Boulder Creek area (Figure 42). McCollom’s maps, combined with the paleocurrent data
in Figure 41, suggest that the main source of sediment for at least the lower part of the Castle Rock
submarine fan was located southwest of the Zayante-Vergeles fault in the general area of Boulder Creek.

Measured stratigraphic sections by me and by Burchfiel (1958, 1964), McCollom (1959), Brabb
(1960), and Brabb and others (1977) show the following vertical trends in the Castle Rock unit: (1) an
upward increase in the average grain size of sandstone beds; (2) an upward increase in the average
thickness of sandstone beds; and (3) an upward increase in the ratio of sandstone to mudstone. This
general upward coarsening, combined with evidence discussed earlier in this report that the lower part of
the Castle Rock unit was deposited on outer-fan lobes while higher parts were deposited in middle-fan
environments, suggests that the Castle Rock unit represents a prograding submarine fan that records a
major Oligocene regression.

Deposttional Systems and Provenance

The Castle Rock unit of the Vaqueros Sandstone most likely was deposited by north- and
northwest-flowing turbidity currents and other kinds of sediment gravity flows on a prograding submarine
fan. A submarine fan origin is supported by: (1) evidence from foraminiferal paleobathymetry of
deposition in water deeper than 1500 m to 2000 m; (2) abundant evidence from sedimentary textures and
structures of deposition by turbidity currents and related processes; (3) the occurrence of identifiable
outer-fan lobe and middle-fan channel and interchannel deposits; (4) the generally radial paleocurrent
pattern; and (5) the generally radial patterns of changes in sandstone grain size and sandstone-to-
mudstone ratio.

The main source of sediment for the Castle Rock submarine fan was probably an area of uplifted
granitic basement located southwest of the Zayante-Vergeles fault. Evidence for a granitic provenance
includes the quartzofeldspathic mineralogy of the sandstone, the presence of up to 5% fresh grains of
detrital biotite, the common occurrence of granitic granules and pebbles, and the compositions of the
heavy mineral assemblages studied by Beveridge (1958, 1960).

QFL plots (Figure 43) show that the composition of the Castle Rock unit is similar to that of the
Eocene Butano Sandstone, suggesting that both the Castle Rock and Butano sands were derived from the
same source area southwest of the Zayante-Vergeles fault. The composition of the Castle Rock unit is
also generally similar to, but somewhat less lithic than coeval sandstones in the Salinas basin (Figure 43).
This similarity in composition is consistent with the conclusion of Graham (1976, 1978) that a
mountainous granitic peninsula, located roughly in the area of the modern Monterey Bay, served as a
sediment source for both the La Honda and Salinas basins. Sediment shed northward from this granitic
highland was probably transported by rivers to deltaic and shelf environments represented by the Zayante
Sandstone and the Laurel unit of the Vaqueros Sandstone; much of this sediment was eventually carried
into deeper water and deposited on the Castle Rock submarine fan. Sediment shed southward from the
granitic peninsula into the Salinas basin was deposited mainly in nonmarine and shallow-marine shelf
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Figure 42. Maps of lithologic variation in the Vaqueros Sandstone, redrawn
from McCollom (1959). A: Variations in the "lower Vaquerog Sandstone, "
defined by McCollom as the stratigraphically lowest 900 feet (275 m) of the
formation above the contact with the underlying Rices Mudstone. B: Variations
in the "operational unit"” of the Vaqueros Sandstone, defined by McCollom as
the stratigraphic interval from the contact with the Rices Mudstone upward to
a distinctive bed of glauconitic sandstone that McCollom found 1in several
places in the Boulder Creek area. Both the "operational unit” and the "lower
Vaqueros Sandstone"” of McCollom are included within the Castle Rock unit of
the Vaqueros Sandstone. Major faults are labeled as in Figure 41.
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Figure 43. OQFL (quartz, feldspar, lithic) plots of the detrital mineralogy of
some middle Tertiary sandstones in the La Honda and Salinas basins. Data for
the Castle Rock unit of the Vagueros Sandstone and the Butano Sandstone were
compiled from petrographic and sieve data of Cummings (1960, p. 198-199) and
Brabb (1960, p. 25 and p. 60), and recalculated using the categories of
Dickinson (1970). A: Comparison of the composition of the Castle Rock unit
with the provenance fields of Dickinson and Suczek (1979). B: Comparison of
the composition of +the Castle Rock unit (Oligocene and lower Miocene) with
that of the Butano Sandstone (Eocene). C: Comparison of the Castle Rock unit
with Oligocene and lower Miocene sandstones of the Salinas basin reported by
Graham (1976).
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environments represented by the Berry Formation and the Vaqueros Sandstone (Graham, 1976).

Detrital grains of glaucophane are present but extremely rare in the Vaqueros Sandstone of the La
Honda basin (Beveridge, 1958, 1960). Nevertheless, the occurrence of glaucophane was cited by
Cummings and others (1962) as evidence that some of the sand in the Vaqueros was derived from an area
of uplifted Franciscan rocks located east of the San Andreas fault. This interpretation is rejected here
because of the small amount of glaucophane actually found, and because paleocurrents and other data
(Figures 41 and 42) show that most if not all of the sediment was derived from the southwest, with no
evidence for an eastern source. In addition, no detrital grains of serpentine, radiolarian chert, or other
"typical” Franciscan lithologies have been reported from the Vaqueros Sandstone of the La Honda basin.

Laurel unit of the Vaqueros Sandstone

Introduction

The Laurel unit consists mainly of bioturbated and massive to cross-laminated sandstone with minor
interbeds of conglomerate and mudrocks. In some places, for example in the lower Zayante Creek section
(Figure 44), basalt and fossiliferous limestone occur near the base of the unit; these rocks are described
later in this report in the section on the Mindego Basalt.

The Laurel unit is named informally in this report for intermittent exposures along Hinckley Creek
in the Laurel Quadrangle (Figure 23). Other outcrops of the Laurel unit occur along Twobar Creek
(Figure 34) and along lower Zayante Creek (Figure 44) but in none of these areas are the exposures good
enough to allow detailed studies of sedimentology.

Geographically, the Laurel unit is restricted in outcrop and in the subsurface to a narrow belt
parallel and adjacent to the Zayante-Vergeles fault (Figure 32).

Age

The age of the Laurel unit has been determined with confidence only in the lower Zayante Creek
section (Figure 44). In this area, a horizon of basaltic pillow lava that occurs about 80 m stratigraphically
above the base of the unit has been dated at 23.1 + 0.7 m.y. by the potassium-argon method (Turner,
1970). The basalt is immediately overlain by a fossiliferous limestone that contains an abundant and
diverse assemblage of molluscs assigned by Clark (1966, 1981) to the uppermost Vaqueros Stage of
Addicott (1972) and the uppermost Zemorrian Stage of Kleinpell (1938). About 30 to 45 m
stratigraphically above the basalt, Clark (1966, 1981) collected benthic foraminifers of the Saucesian Stage
from a mudstone interbed. Thus, in the lower Zayante Creek section, the Laurel unit is of late Zemorrian
and Saucesian age.

In the Corralitos area, about 24 km southeast of the lower Zayante Creek section, the Texaco J.H.
Blake #1 well encountered the Saucesian Lambert Shale at drilled depths of 5097 to 5373 feet (Figure 15;
Appendix 4). Beneath the Lambert and down to the total drilled depth of 7522 feet, the well penetrated a
sequence of coarse sandstone, conglomerate, and mudrock that reportedly contains ”very weak” Saucesian
to Zemorrian fossils. I correlate this sequence with the Laurel unit in the lower Zayante Creek section on
the basis of similar lithology and stratigraphic position.

In summary, available data from outcrops and a single well indicate that the Laurel unit is of late
Zemorrian and Saucesian age and was deposited sometime between 30 m.y. and 18 m.y. ago, using the
correlations with the radiometric time scale in Figure 9. In the lower Zayante Creek section, most of the
unit was deposited after the eruption of a basaltic pillow lava about 23 m.y. ago.
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Figure 44. Inferred stratigraphy, paleobathymetry, and depositional systems
for the 1lower Zayante Creek section, on the south limb of the San Lorenzo
syncline. See Figure 6 for location. Stratigraphic nomenclature and
thicknesses in part £from Brabb and others (1977). Thickness of Zayante

Sandstone measured with tape and Brunton compass in October 1980 by H. Gibbons
and R. Stanley. Lithology shown schematically.
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Stratigraphic Relations

The stratigraphic relations of the Laurel unit are complex (Figure 14). In general, the Laurel unit
consists of shallow marine shelf sandstones that are laterally equivalent to the nonmarine Zayante
Sandstone to the southwest, and deeper-water sandstones and mudrocks of late Zemorrian to Saucesian
age—including the Castle Rock unit and the Lambert shale--to the northeast. Along the southwestern
margin of the La Honda block, the Laurel unit rests unconformably on the older, lower Zemorrian part of
the Castle Rock unit (Figure 14). Evidence for these interpretations is discussed below.

The lateral equivalence of the Laurel unit and the Zayante Sandstone is suggested by the
conformable and interfingering contact between the two units. This contact is well-exposed along an
unnamed dirt road in Mountain Charlie Gulch about 2 km east of the lower Zayante Creek section
(Figure 45). The interfingering of the Laurel unit and the Zayante Sandstone occurs over an interval that
stratigraphically is at least 175 m thick.

The inferred lateral equivalence of the Laurel unit to parts of the Castle Rock unit and Lambert
Shale is based mainly on biostratigraphic evidence. In the lower Zayante Creek section (Figure 44) the
Laurel unit is of late Zemorrian and Saucesian age, as previously discussed. Less than 2 km to the north
in the upper Zayante Creek section (Figure 35), the shelf sandstones of the Laurel unit are missing, and in
their place are upper Zemorrian to Saucesian deeper-water sandstones and mudrocks of the Castle Rock
unit and the Lambert shale.

Middle Oligocene Unconformity

A major unconformity of probable middle Oligocene age occurs along the southwestern margin of
the La Honda block near the Zayante-Vergeles fault. The unconformity is nowhere clearly exposed but is
inferred from evidence discussed below. Along this inferred unconformity, deeper water strata of early
Zemorrian age--including the Castle Rock unit of the Vaqueros Sandstone and possibly also the Rices
Mudstone--are abruptly overlain by shallow marine and nonmarine strata of late Zemorrian to Saucesian
age, including the Laurel unit of the Vaqueros Sandstone and the Zayante Sandstone (Figure 14).

In the Twobar Creek section (Figure 34), the Castle Rock unit is overlain by the Laurel unit. The
contact between the two units is covered by vegetation but is probably abrupt, because the covered
stratigraphic interval is less than 5 m thick. Bedding attitudes in the two units appear to be concordant.
The Castle Rock and Laurel units contrast strongly with each other in lithology and inferred depositional
setting. The Castle Rock unit consists mainly of turbidite sandstone and mudrocks that were deposited
on the outer to middle(?) parts of a submarine fan at water depths greater than 2000 m. The Laurel unit,
as discussed below, consists of bioturbated and massive to cross-laminated sandstone that was deposited
on a shallow marine shelf at water depths less than 150 m. Thus, the contact between the Castle Rock
and Laurel units represents a sudden change in depositional setting from middle fan to shelf. Missing
from the contact are upper fan, feeder channel, and slope facies that would be expected in a conformable
regressive sequence from middle fan to shelf, using Walther’s law and the submarine fan models of Walker
(1978) and Mutti and Ricci Lucchi (1972). In addition, the contact represents a very quick shoaling of
about 2000 m from lower bathyal to shelf depths. Because of the missing facies and abrupt shoaling, I
conclude that the contact between the Castle Rock and Laurel units is best interpreted as an
unconformity.

In the Soquel Creek-Hinckley Creek section (Figure 23) about 20 km southeast of the Twobar Creek
section, the Castle rock unit is overlain by the Zayante Sandstone. The contact is not exposed and is
apparently concordant, but is inferred to be an unconformity because lower bathyal turbidites of the
Castle Rock unit are abruptly overlain by nonmarine red and green sandstones of the Zayante Sandstone
(Figure 23). I tentatively correlate this unconformity with the one between the Castle Rock and Laurel
units in the Twobar Creek section, based on the presumption that the Laurel unit and the Zayante
Sandstone are for the most part laterally equivalent to each other (Figure 14).
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Figure 45. Geologic sketch map of the inferred interfingering contact between
the Zayante Sandstone and the overlying and laterally equivalent Laurel unit
of the Vaqueros Sandstone. The unnamed dirt road is on the east side of
Mountain Charlie Gulch, at the eastern edge of the Felton gquadrangle (Sec.
32-95-1W). Surveyed with tape and Brunton compass in October 1980 by BH.
Gibbons and R. Stanley.
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The unconformity in the Twobar Creek and Soquel-Hinckley sections is probably of middle
Oligocene age, based on the following evidence. In both areas the unconformity occurs at the top of lower
Zemorrian strata of the Castle Rock unit, and therefore can be no older than the base of the lower
Zemorrian, or about 37 m.y. (Figure 9). The unconformity is overlain by the Laurel unit and by the
Zayante Sandstone, which have yielded no age-diagnostic fossils in either the Twobar Creek or Soquel-
Hinckley areas. However, as discussed earlier, the base of the Laurel unit in the lower Zayante Creek
section must be older than about 23 m.y., based on radiometric dating of a basaltic pillow lava within the
unit. Thus, the unconformity between the Castle Rock and the overlying Laurel and Zayante Sandstone
must be older than 23 m.y.; in fact, it may be several million years older, because more than 380 m of the
Laurel unit and Zayante Sandstone occur below the dated basalt in the lower Zayante Creek section
(Figure 44). To summarize, available radiometric and biostratigraphic data indicate that the
unconformity is no older than 37 m.y. and no younger than 23 m.y.

I speculate that this unconformity is correlative with major eustatic and/or tectonic events that
occurred about 29 to 30 m.y. ago. According to Vail and Hardenbol (1979), eustatic sea level fell more
than 200 m about 29 m.y. ago. The amount of this drop—-about 200 m--is an order of magnitude less than
the 2000 m of shoaling indicated by foraminiferal paleobathymetry in the Twobar Creek and Soquel-
Hinckley sections (Figures 23 and 34). Thus, much or all of the shoaling must have been caused by
tectonic uplift. The uplift may have been associated with movement during the Oligocene along the
Zayante-Vergeles fault (Clark, 1966; Clark and Rietman, 1973). Uplift in the Twobar Creek and Soquel-
Hinckley areas, as well as movement along the Zayante-Vergeles fault, may have been among the tectonic
effects of the collision of the Farallon-Pacific spreading center with the Farallon-North America trench
about 29 to 30 m.y. ago (Atwater, 1970; Atwater and Molnar, 1973; Nilsen, 1982).

Lithology

The major categories of rocks in the Laurel unit of the Vaqueros Sandstone are: (1) massive to
bioturbated and cross-laminated feldspathic sandstones; (2) conglomerate; and (3) mudrocks. More than
90% of the Laurel unit is sandstone, while conglomerate and mudrocks each make up less than 5%.

Sandstones. --

Feldspathic arenite and wacke are the most abundant rocks in the Laurel unit, and typically form
fern- and moss-covered cliffs and waterfalls along stream valleys. The sandstones are generally light gray
to bluish gray on fresh surfaces, and weather brown to white where not covered by vegetation. They
range from very fine to very coarse and pebbly; some beds contain scattered cobbles and boulders of
granitic rocks. Sorting ranges from moderate to good in the fine and medium sandstones, but is generally
poor in the coarser ones. Rounding also appears to be correlated with grain size, with the coarser sand
grains and larger clasts generally better rounded than the medium and smaller sand grains.

Mineralogically, the sandstones consist of about 40-70% quartz, 15-30% potassium feldspar, 5-20%
plagioclase, 5-25% lithic fragments, and 0-15% biotite, based on visual estimates of 16 thin-sections. The
feldspars and biotite are generally fresh-appearing and relatively unaltered. The lithic fragments include
granitic rocks, chert, silicic and basaltic volcanic rocks, fine sandstone and siltstone, mica schist, quartzite,
and other unidentified lithologies. Also present are detrital sand-sized grains of glauconite, muscovite,
horneblende, zircon, and other heavy minerals, but together these make up less than 1-2% of most
specimens. Shell fragments—mainly rounded pieces of molluscs and echinoids—are locally abundant and
make up more than 20% of some rocks. The sandstones range from friable to hard and well-cemented;
calcite and dolomite are the most common cements, and calcitic and dolomitic concretions are fairly
common.

Stratification and sedimentary structures in the sandstones are difficult to study in detail because
most outcrops are covered by moss. In general, the sandstone occurs as intervals from one m to several
tens of m thick. Most of these intervals appear to be composed of amalgamated medium to very thick
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beds. Most of the beds are apparently massive, but bioturbation, tabular and trough cross-lamination,
and plane lamination are visible in some outcrops (Figures 46 and 47). The bioturbation is marked
mainly by textural and color mottling (Figure 47) but in some outcrops individual burrows weather out in
knobby relief. The amalgamation horizons are marked by abrupt changes in grain size and by erosional
truncations of burrows and cross-lamination. In outcrops where amalgamation horizons are not visible,
stratification is often crudely defined by differential resistance to weathering and by the alignment of
lenticular concretions parallel to bedding.

Megafossils and fossil fragments are common and include oysters and other bivalves, gastropods,
barnacles, and sand dollars (Figure 46). Many of the megafossils appear to be well-preserved but could
not be extracted from the well-cemented sandstones without destroying them, and therefore they were not
collected or further identified.

The megafossils and fossil fragments generally occur scattered in bioturbated or cross-laminated
sandstones (Figure 46) but in some outcrops they are concentrated in lenses. One such lens in the Twobar
Creek section (Figure 34) is about one m thick at its thickest point, and consists of fragments and whole
fossils of oysters that form a clast-supported network with a matrix of medium sandstone. This oyster-
shell accumulation may represent an ancient oyster reef similar to modern reefs found along the Gulf and
Atlantic coasts of the United States (Price, 1968; Milliman, 1974). Alternatively, it may represent a shelly
lag deposit left behind by storms, such as is found on the modern Oregon shelf in water depths of 20 to 30
m (Dupre and others, 1980, p. 107). Other lenses of fossil shells, some consisting of unidentified bivalves
other than oysters, are exposed along the lower Zayante Creek section (Figure 44) as well as along
Hinckley and Aptos Creeks (Figure 6).

Plant fragments are scattered in many of the sandstones but generally make up less than 1-2% of
the rock. However, a bed near the top of the Twobar Creek section (Figure 34) consists of large angular
clasts of lignite, well-preserved barnacles, and well-rounded pebbles scattered in a sandstone matrix. The
bed is about 30 cm thick and consists of about 20-30% lignite. Another lignite interbed along Love Creek
was mined for local use around the turn of the century according to Clark (1981); I was unable to visit

this outcrop, but map relationships suggest that it probably occurs stratigraphically within the Laurel
unit.

Conglomerates. --

Beds of clast-supported granule and pebble conglomerate are scattered through most of the Laurel
unit but are volumetrically unimportant. The beds are generally 10 to 50 cm thick; most are lenticular
and pinch out along the outcrop, but a few are laterally persistent for 15 m or more. Some of the beds
exhibit clast imbrication. Most beds consist of well-rounded granules and pebbles of granitic rocks, black
chert, white quartz, porphyritic and banded silicic volcanic rocks, and mica schist. In addition, angular
cobbles and boulders of granitic rocks and mica schist occur locally, and seem to be most common in the
Twobar Creek section. Most of the conglomerate beds have a sandstone matrix and are cemented by
calcite or dolomite.

Mudrocks. --

Mudrocks in the Laurel unit are volumetrically unimportant and poorly exposed. Most are various
shades of brown on both fresh and weathered surfaces. The beds range from a few cm to more than 2 m
thick. Most are bioturbated sandy mudstones and siltstones with scattered fossil foraminifers, fish scales,
plant fragments, glauconite, and rare fossil bivalves. However, laminated shales occur in some outcrops,
and the laminae are defined by the parallel alignment of mica flakes and fish scales.

A small assemblage of benthic foraminifers collected by Clark (1981) from mudrocks about 30 to 45
m stratigraphically above the basalt in the lower Zayante Creek section suggests deposition at water
depths of about 150 m or greater (Figure 44, Appendix 1).
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finely crystalline material with a platy habit and yellowish-green color that may consist of clays, chlorite,
or a mixture of the two. The gray sandstones generally are cemented by calcite.

Sandstones in the Zayante Sandstone range from very fine to very coarse and pebbly. Most are
poorly sorted with abundant angular grains, and some look like granitic grus. Well-sorted sandstones with
mostly rounded grains also occur, however, and appear to be more abundant near the stratigraphic top of
the formation.

Mineralogically, the sandstones consist of about 30-60% quartz, 10-35% potassium feldspar, 5-25%
plagioclase, 0-20% lithic fragments, and 0-20% biotite, based on visual estimates of 29 thin-sections.
Many of the feldspar grains are angular and relatively fresh. The most common lithic grains are chert,
silicic voleanic rocks, granitic rocks, and fine sandstone and siltstone; also present but less common are
basaltic(?) volcanic rocks, quartzite, mica schist, and unidentified foliated metamorphic rocks. Other
detrital mineral grains in the sandstones include muscovite, chlorite, hematite, amphibole, zircon, and
other heavy minerals, but these generally make up less than 1-2% of the rock.

The sandstones are generally lenticular and range from very thin to very thick bedded, but most are
medium to thick bedded.

Common sedimentary structures in the medium to very coarse sandstones include tabular and
trough cross-lamination, plane-lamination, scour-and-fill, and bioturbation (Figures 49, 50, and 52). Some
beds are apparently massive. Reactivation surfaces, marked by clay drapes and very thin intervals of
ripple cross-laminated sandstone, were observed in a tabular cross-laminated unit near the top of the
formation in the lower Zayante Creek section (Figure 49). Scattered in some beds are angular clasts,
generally 2-10 cm in diameter, of green mudstone and fine sandstone; these are interpreted as fragments of
levee(?) and overbank deposits that were eroded from the sides and floors of fluvial channels and
incorporated into the sandstone.

Common sedimentary structures in the very fine to fine sandstones include ripple cross-lamination,
plane lamination, bioturbation, and small flakes of green mudstone that may represent dried mud chips
eroded from mudcracks. (However, no mudcracks were observed in outcrop.) Clay drapes on ripple cross-
laminated sandstone were noted in a few outcrops.

Bioturbation in the sandstones of the Zayante Sandstone is defined mainly by textural and color
mottling, and ranges from discrete burrows scattered in thin cross-laminated beds to thoroughly burrowed
and homogenized intervals several m thick. The organisms that caused the bioturbation are unknown.
Some of the individual burrows are tubelike and backfilled, and most likely were created by burrowing
invertebrates. Some of the bioturbation may be the result of terrestrial plant growth or trampling by
terrestrial vertebrates but no definite root traces or isolated vertebrate tracks were noted.

Fossils are very rare and poorly preserved in the sandstones. A single bivalve fragment was found in
a bioturbated sandstone along the lower Zayante Creek section (Figure 52). A second bivalve fragment
was found in a concretion in cross-laminated coarse sandstone along Mountain Charlie Gulch, about 150
m north of a prominent right-angle bend in the gulch on the eastern edge of the Felton quadrangle (Sec.
32-9S-1W). Neither of these bivalve fragments was further identified.

Sandstones in the Zayante Sandstone exhibit a wide range of sedimentary textures and structures
and probably represent a number of different depositional processes and environments within a braided-
stream system. The cross-laminated and plane-laminated sandstones are similar to facies St, Sp, Sr, and
Sh of Miall (1977, 1978) and probably represent deposition by migrating subaqueous dunes, sand waves,
ripples, and other bedforms generated by fluvial currents. The bioturbated sandstones probably represent
biological reworking of facies St, Sp, Sr, and Sh during periods of relatively quiet water. The origin of the
massive sandstones in the Zayante Sandstone is unknown; they may only appear to be massive due to
poor outcrop or lack of a sufficient range of different grain sizes and minerals to define bioturbation,
laminations, or other structures. Alternatively and very speculatively, they may be truly structureless
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and represent deposition by sandy debris flows or some other kind of sediment gravity flow.

Mudrocks. --

Mudrocks in the Zayante sandstone are very poorly exposed. Most are green, but many are red or
mottled green and red. Sandy mudstone and siltstone are most common, but claystone occurs in places.
Most of the mudrocks are bioturbated, but a few are laminated and the laminae defined by aligned flakes
of mica.

Most of the mudrocks in the Zayante Sandstone occur at the tops of fining-upward sequences (Figure
51) where they generally are very thin to thin bedded and interstratified with ripple cross-laminated fine
to very fine sandstone. These fine-grained sediments are similar to facies Fl and Fm in the classification
of braided-stream lithofacies proposed by Miall (1977, 1978). Most of these fine-grained rocks probably
represent levee and overbank deposits; some of the thicker horizons of mudrock may represent abandoned
channel fills.

Serpulid boundstone. --

In the lower Zayante Creek section (Figure 44), a bed of serpulid boundstone about 30 cm thick
forms a resistant low mound in the center of the creek about 100 m upstream (generally north) of the East
Zayante road bridge (Felton quadrangle, Sec. 30-95-1W). The rock is a sandy granule conglomerate that
appears to have been bound at the time of deposition by masses of serpulid worm tubes. The tubes were
identified as those of serpulid worms by their external morphology and by the similarity of their wall
microstructure, as seen in thin-section, to illustrations in Majewske (1969). Other fossils and fossil
fragments found in outcrop and in thin-sections include bivalves, gastropods, barnacles, and echinoid
spines and plates. Also found was a single poorly preserved fossil keyhole limpet, tentatively identified by
David Lindberg (personal communication, 1982) as a unit of the family Fissurellidae, and probably either
Fissurelle or Diodora.

The serpulid boundstone was most likely deposited in water of normal marine salinity because it
contains the fossil remains of stenohaline organisms such as limpets and echinoids. The coarse texture of
the sediment and the occurrence together of barnacles and limpets suggests that deposition occurred in
very shallow water. The serpulid boundstone may represent a reef deposit broadly analogous to the
modern serpulid reefs that occur in coastal lagoons along the southeastern Gulf Coast of Texas and are
briefly described by Milliman (1974). According to Milliman, the serpulid reefs in Texas are subtidal and
occur at average water depths of one meter or less.

The serpulid boundstone is anomalous and important because it is a marine deposit that occurs in a
thick section of apparently nonmarine rocks that were deposited by fluvial processes. The simplest
explanation for this interstratification of marine and nonmarine rocks, as discussed below, is that the
Zayante Sandstone was deposited by braided streams on a coarse-grained delta that built out into the La
Honda sea. The exact depositional setting of the serpulid reef on this delta is unknown. Perhaps the reef
grew on a gravel bar or on the gravelly floor of an abandoned delta distributary channel.

Paleocurrents

About 60 paleocurrent measurements were obtained from the Zayante Sandstone, most of them from
clast imbrication in conglomerates and cross-stratification in sandstones (Figure 53, Appendix 5). These
limited data suggest that the dominant direction of sediment transport was to the north and northeast.

Paleocurrent directions from clast imbrication in the conglomerates are unimodal and arguably
radial, and are interpreted as representing flow in radiating fluvial distributary channels on a coarse-
grained delta.
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Paleocurrent directions from cross-stratification in the sandstones show a roughly trimodal
distribution. The number of modes and their orientations may not be significant in view of the small
number of measurements, so the following interpretations are tentative. The northeastward-flowing mode
probably represents the movement of sand down the fluvial delta-distributary channels hypothesized
above. The northwestward-flowing and southwestward-flowing modes, as well as the other scattered
paleocurrent directions, may represent any of the following: (1) flow along meandering or braided fluvial
channels; (2) overflow transport away from the channels due to crevasse-splays and other overbank
processes; (3) reworking of sediments on the delta by marine processes such as tidal currents, longshore
currents, or waves; and (4) "noise” due to post-depositional tectonic rotation, about a vertical axis, of the
cross-stratified beds in which the paleocurrent measurements were made.

Depositional Systems and Provenance

The Zayante Sandstone includes deposits of both nonmarine and marine origin. Most of the
Zayante Sandstone consists of interstratified conglomerate, sandstone, and minor mudrocks that most
likely were deposited by braided streams. These fluvial deposits, however, enclose a serpulid reef that
contains a marine fossil fauna and probably was deposited in very shallow water of normal marine
salinity. On a more regional scale, the braided stream deposits of the Zayante Sandstone interfinger with
and apparently are laterally equivalent to the shallow-marine sandstones of the Laurel unit of the
Vaqueros Sandstone, as discussed earlier in this report. The simplest explanation for this interbedding
and interfingering of fluvial and shallow-marine deposits is that the Zayante Sandstone represents a
coarse-grained delta in which braided streams emptied directly into the La Honda sea. The Zayante delta
may have been a fan-delta similar to those reported from modern environments and from the ancient
record by Wescott and Ethridge (1980, 1983).

Much of the Zayante Sandstone may have been deposited by braided streams in a nonmarine setting
analogous to the ”lower fan-delta plain” in the model of Wescott and Ethridge (1983). Evidence for a
braided-stream origin for much of the Zayante Sandstone includes: (1) the common occurrence of several
of the braided stream lithofacies of Miall (1977, 1978), including facies Gm, Gt, St, Sp, Sr, Sh, and FI; (2)
the common occurrence of these lithofacies in fining-upward sequences that resemble those reported from
other braided-stream deposits, particularly those of the "Donjek-type” (Miall, 1977, 1978); (3) the
unimodal paleocurrent directions exhibited by clast imbrication in the conglomerates; (4) the general lack
of marine fossils in these rocks, and in particular the lack of benthic foraminifers in the finer-grained
sediments (Clark, 1966); and (5) the occurrence of red and green coloring, which is a characteristic feature
of nonmarine sequences (Turner, 1980).

The main source of sediment for the Zayante Sandstone was probably an uplifted terrain of Salinian
granitic rocks located southwest of the Zayante-Vergeles fault. Evidence for this interpretation includes:
(1) the quartzofeldspathic mineralogy of the sandstones; (2) the abundance of detrital biotite in the
sandstones; (3) the presence of numerous clasts of granitic rock, ranging from sand size to more than 120
cm in diameter, in both the sandstones and conglomerates; and (4) the north- and northeast-directed
paleocurrents, which suggest sediment transport from the south and southwest.

The source area of the Zayante Sandstone was underlain mainly by granitic rocks, but metamorphic
and sedimentary rocks were also present. The scattered clasts of mica schist and other metamorphic
rocks in the Zayante Sandstone may have been derived from one or more of the metamorphic roof
pendants that are common throughout the Salinian terrane, for example the nearby Santa Lucia and
Gabilan ranges and Ben Lomond Mountain (Ross, 1977). The fragments of unmetamorphosed sandstone
and mudrocks in the Zayante Sandstone may have been eroded from a carapace of older sedimentary
rocks—-perhaps including the Paleocene Locatelli Formation or the Eocene Butano Sandstone--that overlay
the Salinian granitic and metamorphic basement rocks. The source of the well-rounded silicic volcanic
clasts in the Zayante Sandstone is unknown. No roof pendants or other large exposures of such rocks
occur on the Salinian block. However, clasts of well-rounded silicic volcanic rocks are common in
Mesozoic and lower Cenozoic conglomerates in the Monterey Bay area, including the Cretaceous Pigeon
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Point Formation, the Paleocene Locatelli Formation, and the Eocene Butano Sandstone. Perhaps the

silicic volcanic clasts were eroded from these older conglomerates and redeposited in the Zayante
Sandstone.

Rates of erosion in the source area and rates of sediment transport to the Zayante fan-delta were
probably very high, as suggested by: (1) the angularity and large size of some of the granitic clasts; (2) the
relatively fresh appearance of many of the detrital grains of feldspar; and (3) the grus-like appearance of
some of the sandstones in the Zayante Sandstone.

High rates of erosion in the sediment source area, combined with evidence for a major unconformity
at the bases of the Zayante Sandstone and the Laurel unit of the Vaqueros Sandstone, suggest that a
major episode of tectonic uplift occurred along the southwestern margin of the La Honda basin during
Oligocene time. The uplift may have been accompanied by movement along the Zayante-Vergeles fault,
as hypothesized by Clark (1966, 1981) and Clark and Rietman (1973).

Zayante(?) Sandstone
of the Majors Creek Area

Stratigraphic Relationships

Along Majors Creek on the southwestern flank of Ben Lomond Mountain is a sequence of green
mudstone and sandstone with minor conglomerate and chert (Figure 54). These rocks were tentatively
assigned by Clark (1966, 1981) to the Zayante Sandstone on the basis of their lithologic similarity to the
Zayante Sandstone in its type area. However, neither the age nor the stratigraphic relations of the beds
in Majors Creek are clear. No fossils diagnostic of age have been recovered and the upper and lower
contacts are not exposed. My reconnaissance mapping along Majors Creek suggests that the
stratigraphically lowest part of the Zayante(?) Sandstone is in fault contact with the Cretaceous Ben
Lomond Quartz Diorite, and that this contact may represent a faulted nonconformity. The contact
between the Zayante(?) Sandstone and the overlying Relizian Lompico Sandstone is also covered, but
must be either a fault or an angular unconformity because bedding attitudes in the two formations are
discordant. Based on these relationships, the Zayante(?) Sandstone along Majors Creek can be of any age,
but most likely between Cretaceous and lower Miocene. My reconnaissance mapping suggests that the
formation is at least 50 m thick.

Lsthology

The Zayante(?) Sandstone along Majors Creek consists mainly of mudstone and sandstone with
minor interbeds of conglomerate and chert. Exposures occur only along the bottom of the canyon and are
generally poor.

Mudstone. --

Mudstone in the Zayante(?) Sandstone is gray green to brown, sandy and silty, very thin to thick
bedded, and massive to bioturbated. The sand and silt grains include quartz, feldspar, biotite, and rock
fragments including red chert. Exposures are exceptionally poor.

Sandstones. --

Sandstones in the Zayante(?) Sandstone include feldspathic arenite and minor feldspathic wacke.
Colors on presumed fresh surfaces range from gray to gray green to orange brown. The grain size ranges
from fine to very coarse and pebbly, and most beds are poorly sorted. The mineralogy of the sandstones,
based on field observations and visual estimates of two thin-sections, is about 50% quartz, 20%
plagioclase, 15-20% potassium feldspar, 5-10% biotite, and 5% ”other” grains including lithic fragments,
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hornblende, muscovite, and opaque minerals. The feldspar and quartz grains are mostly angular, while
the lithic fragments--mainly chert and silicic volcanic rocks, with minor sandstone, mudstone, and basalt-
-are generally well-rounded. The sandstones range from friable to hard and well cemented; the cements
include chlorite(?), clay minerals, and opal. Bed thicknesses range from thin to thick. Most beds are
apparently massive, but some are bioturbated, with the individual burrows defined by color and textural
mottling and a knobby appearance on weathered surfaces. A bed of bioturbated gray green sandstone
near the base of the formation contains steinkerns of unidentified fossil bivalves.

Conglomerates. --

Interbeds of conglomerate make up less than 5% of the exposed section along Majors Creek. The
conglomerates are lenticular, thin to medium bedded, and composed mainly of well-rounded granules and
pebbles of porphyritic and banded silicic volcanic rocks. Most of the conglomerate beds are clast
supported and some are weakly imbricated, with the imbrication suggesting paleocurrents directed to the
north and northwest.

Chert. --

Thin beds of chert occur as interbeds in bioturbated mudstone about 25 m stratigraphically above
the base of the formation (Figure 54). The chert is dark gray to black, aphanitic, and hard and brittle; it
is cut by numerous fractures and quartz-filled veinlets, and in places has a brecciated appearance. Thin-
sections show that the chert is composed mainly of silicified plant fragments. Most of the fragments are
needlelike in shape and 1 to 3 mm in diameter; they appear to be the leaves, stems, and roots of
unidentified vascular plants that have been replaced by microcrystalline quartz. Fine details of the plant
microstructure, including the tracheids and other cells, are remarkably well preserved. These chertified
fragments occur in a matrix of opaline silica that is translucent brown in thin-section and has a vaguely
pelleted structure. (The presence of both quartz and opal-CT was confirmed by X-ray diffraction.) Orange
brown organic material occurs in both the chertified plant fragments and the opaline matrix, and
constitutes 5-10% of the rock. This organic material is probably responsible for the dark color of the
chert, and also the fetid odor that issues from freshly broken pieces of the chert. Detrital grains of quartz
sand constitute less than 1% of the rock. In places the chert is crudely stratified with the stratification
defined by the parallel alignment of stems and roots.

Depositional Systems and Provenance

Exposures of the Zayante(?) Sandstone along Majors Creek are too poor to allow more than a
tentative interpretation of depositional systems and provenance. Little can be said about the processes
that deposited the sandstones and mudstones because they are all bioturbated or apparently massive. A
nonmarine and perhaps fluvial depositional setting is suggested by the general similarity of the rocks in
Majors Creek with the Zayante Sandstone in its type area, including the green color of the mudrocks and
sandstones, the lack of marine fossils, and the lenticularity of the conglomerates. The rocks in the two
creeks are also generally similar in sandstone mineralogy and conglomerate clast composition, suggesting a
common provenance.

The origin of the black plant-rich cherts in the Zayante(?) Sandstone along Majors Creek is
unknown. Perhaps the cherts represent accumulations of plant material in quiet ponds or marshes. The
diagenetic history of these cherts—including the source of the silica, the geochemical conditions under
which replacement of the plant fragments occurred, and the reasons for the coexistence of both opal and
quartz--is unknown and worthy of detailed investigation.
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Mindego Basalt

Introduction

Mafic volcanic rocks of late Zemorrian and Saucesian age are widespread in the La Honda basin
(Figure 55) and are mapped as the Mindego Basalt by Brabb (1970). These volcanics include both
extrusive and intrusive rocks, which in some outcrops are difficult to tell apart. The extrusives consist
mainly of tuffs and breccias, but minor amounts of pillow lava and ”massive” lava also occur. The
intrusive rocks consist of dikes and sills that probably represent the subsurface conduits through which
lava flowed to the surface to form the extrusive rocks. In places, the extrusive rocks are overlain by
laterally discontinuous bodies of fossiliferous limestone that are included with Mindego Basalt for the
convenience of discussion.

The name "Mindego” has been used inconsistently as a stratigraphic term. The name is derived
from Mindego Hill (Figure 5), where the volcanic pile is thickest. The "Mindego Formation” was
proposed as a stratigraphic unit by Touring (1959), who designated a type section along La Honda Creek
(Figure 6). However, Touring’s Mindego Formation included not just volcanic rocks, but also substantial
volumes of feldspathic sandstone and mudrock; these sedimentary rocks were subsequently assigned to the
Vaqueros Sandstone and Sandholdt Formation (=Lambert Shale of this report) by Cummings (1960), who
proposed a new unit, the "Mindego Volcanics,” consisting of rocks of volcanic origin only. Confusingly, a
report by Cummings and others (1962) used essentially the same terminology as Touring (1959). Still
another stratigraphic unit, the "Mindego basalt,” was proposed by Dibblee (1966) but restricted by him
to only those basaltic rocks that were "mappable continuous” with the type section along La Honda
Creek. The term "Mindego Basalt” was subsequently extended by Brabb (1970) and Clark and Brabb
(1978) to include all volcanic rocks of Zemorrian and Saucesian age in the central and northern Santa
Cruz Mountains, regardless of their physical continuity with the volcanics exposed along La Honda Creek.
The present report follows this last usage.

Stratigraphic Relations

The stratigraphic relations of the Mindego Basalt are complex and in some respects unresolved
(Figure 14). In the La Honda and Mindego Hill quadrangles, the Mindego Basalt overlies the San Lorenzo
Formation; conformably overlies and is laterally equivalent to parts of the Vaqueros Sandstone; is
conformably overlain and laterally equivalent to parts of the Lambert Shale; and is unconformably
overlain by the Monterey Formation and the Purisima Formation (Cummings, 1960; Dibblee, 1966; Brabb,
1970). The contact between the Mindego Basalt and the underlying San Lorenzo Formation is thought to
be conformable over most of the area, but may be a disconformity or slightly angular unconformity in the
subsurface in the La Honda quadrangle (Touring, 1959; Cummings, 1960).

The Mindego Basalt also includes small, isolated bodies of volcanic rocks--generally basaltic tuffs,
breccias, and pillow lavas--that are interstratified with and entirely enclosed by the Vaqueros Sandstone
and Lambert Shale; these are scattered here and there in the Half Moon Bay, Woodside, Big Basin, Castle
Rock Ridge, Felton, and Laurel quadrangles (Mack, 1959; Classen, 1959; Clark, 1966, 1981; Dibblee, 1966;
Brabb, 1970; Hector, 1976; Dibblee and others, 1978; Brabb and Dibblee, 1978).

Age

Radiometric dates on volcanic rocks and assemblages of fossils recovered from intercalated
sedimentary rocks show that the Mindego Basalt is of late Oligocene and early Miocene age. A
potassium-argon date of 23.1 + 0.7 m.y. was obtained by Turner (1970) for a pillow lava in the lower
Zayante Creek section (Figure 44). A second potassium-argon date of 19.7 + 1.2 m.y. was obtained by
Turner (1970) on a basalt in Peters Creek, about 8 km southwest of the type section in La Honda Creek
(Figure 6). However, the 19.7 m.y. date is regarded by Turner (1970) as a minimum age due to incipient
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alteration of the dated plagioclase.

Extrusive rocks of the Mindego Basalt are interbedded in many places with mudrocks that contain
upper Zemorrian to Saucesian benthic foraminifers (Mack, 1959; Touring, 1959; Cummings, 1960; Turner,
1970; Clark, 1966, 1981). In a few places, the extrusive rocks are interstratified or closely associated with
limestones and sandstones that contain megafossils of the Vaqueros Stage of Addicott (1972); these occur
along Zayante Creek and Peters Creek, and possibly also along Mindego Creek and Oil Creek (Touring,
1959; Cummings, 1960; Clark, 1966, 1981). Basaltic intrusive rocks that are presumably coeval with the
extrusive rocks cut strata ranging in age from Narizian to Saucesian (Touring, 1959; Cummings, 1960).

The paleontologic data and stratigraphic relationships noted above indicate that the igneous activity
recorded by the Mindego Basalt occurred during late Zemorrian and Saucesian time. The limited
radiometric dates suggest that most of the volcanism occurred during a somewhat narrower time interval,
roughly about 20 to 25 m.y. ago.

Thickness

The stratigraphic thickness of the Mindego Basalt is difficult to determine for several reasons: (1)
outcrops are generally very poor, and the structure complicated; (2) even in good outcrops, stratification
in the volcanic rocks is often ambiguous or absent, and sills are often indistinguishable from extrusive
lavas; and (3) over much of the La Honda Basin, the top of the formation has been eroded. Nevertheless,
data compiled from wells, published cross-sections, and stratigraphic columns (Appendix 3) show that the
volcanic pile reaches its greatest preserved thickness of over 1500 m in the vicinity of Mindego and
Langley Hills and thins in all directions away from this central area (Figure 56). Smaller and thinner
accumulations of volcanic rock occur in the Zayante area, and also in the Woodside-Half Moon Bay area
southeast of Montara Mountain (Figure 56). These variations in thickness suggest that the main eruptive
center was in the Mindego Hill area (Touring, 1959; Cummings, 1960), and that smaller peripheral vents
occurred in the Zayante and Woodside-Half Moon Bay areas.

In the vicinity of Mindego Hill, outcrops and thickness contours of the Mindego Basalt define a
generally rhomb-shaped area in map view (Figures 55 and 56). This rhomboidal geometry is strikingly
similar to the model of a pull-apart basin proposed in 1974 by J. C. Crowell (compare Figures 55 and 56
with Figure 57). Thus, in the Mindego Hill area, the Mindego Basalt may have erupted and accumulated
in a pull-apart between two en echelon strike-slip faults or "master faults” in the terminology of Rodgers
(1980) and Mann and others (1983). Unfortunately, it is not clear which, if any, of the faults that are
presently exposed in the area were involved in the development of the hypothesized pull-apart.
Comparison of Figures 55, 56, and 57 suggests that either the San Andreas or Pilarcitos faults, or both,
may have served as the master fault along the northeastern boundary of the pull-apart. Similarly, either
the La Honda or Butano faults, or both, may have served as the master fault along the southwestern
margin of the pull-apart. The Woodhaven fault, with its meandering trace (Figure 56) may have
originated as an irregular normal-slip fault on the ragged northwestern margin of the pull-apart.

The small pod of basaltic volcanic rocks in the Zayante area (Figure 56) apparently is not physically
connected to the main mass of Mindego volcanics in the Mindego Hill area (Clark, 1966). The outcrop
belt of the volcanics in the Zayante area is parallel to and only a short distance from the Zayante-
Vergeles fault, suggesting that a buried fracture related to this fault served as a conduit for magma rising
from below. Similarly, the basaltic volcanic rocks in the Woodside-Half Moon Bay area may have erupted
from vents along the La Honda fault.

Lithology

The major categories of rocks in the Mindego Basalt are: (1) extrusive rocks, mainly tuffs and
breccias but also including pillow lavas and "massive” lavas; (2) intrusive rocks, consisting of dikes and
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sills; and (3) fossiliferous limestones.

Most of the formation is made up of tuffs and breccias (Cummings, 1960). This is well-illustrated in
the Langley Hill Quarry in the Mindego Hill quadrangle (Sec. 7-75-3W), where the formation is about 90%
tuff and breccia, 5% lava, and 5% bioturbated mudrocks similar to those in the Lambert Shale and
described later in this report.

I did not study the lithology of the Mindego Basalt in detail. The short descriptions and discussions
presented below are based mainly on the available literature and on my own limited field observations and
petrographic work. More thorough descriptions of the field relations and petrology of these volcanic rocks
can be found in reports by Haehl and Arnold (1904), Mack (1959), Touring (1959), Cummings (1960),
Cummings and others (1962), James (1964), Clark (1966, 1981), and Hector (1976).

Petrographically and chemically, the Mindego volcanic rocks are basalts. Many but not all of them
are porphyritic. Thin-sections show that they commonly consist of phenocrysts of plagioclase and olivine
(and rarely of pyroxene) in a groundmass of plagioclase microlites, finely crystalline pyroxene, glass, and
magnetite (Touring, 1959; Cummings, 1960; James, 1964). The silica content of these rocks, based on two
chemical analyses reported by Haehl and Arnold (1904) and studies of the index of refraction of unaltered
volcanic glass by James (1964), ranges from 49% to 52%; this is within the range generally regarded as
mafic (Hyndman, 1972) or basaltic (Francis, 1976, p. 131). In addition, detailed petrographic studies by
James (1964) show that the mineralogic and textural features of most samples from the Mindego Basalt
are characteristic of alkali-olivine basalts, although some show features more typical of tholeiitic basalts.
Detailed analysis of the composition of the basalts using x-ray fluorescence is underway by students of the
University of California, Santa Cruz, but the results were not available when this report was written.

Many but not all of the volcanic rocks are vesicular and amygdaloidal. The amygdules commonly
are composed of calcite, chalcedony, opal, natrolite, and analcite (Touring, 1959; Cummings, 1960; James,
1964; Clark, 1966, 1981).

Eztrusive rocks.--

Extrusive rocks in the Mindego Basalt consist mainly of tuffs and breccias. These volcaniclastic
rocks vary widely in clast composition and texture, but typically consist of angular to rounded fragments
of basalt cemented by white, coarsely crystalline calcite (Figure 58). The fragments of basalt range from
sand size to more than 100 cm in diameter in some outcrops, but most are less than 20 ¢cm in diameter.
Basaltic tuffs and breccias are abundant in the Mindego Hill area, and also occur interstratified with
sandstones and mudrocks of both the Castle Rock and Laurel units of the Vaqueros Sandstone in the
Saratoga Gap, Castle Rock Ridge and Zayante areas (Hector, 1976; Clark, 1966, 1981). During the 1980-
1982 field seasons, good exposures of tuff and breccia were present along Slate Creek, in the type section
along La Honda Creek, and in the Langley Hill Quarry.

The sedimentology of the tuffs and breccias has not been studied in detail, but limited field
observations suggest that they can be divided into several different categories that probably represent a
variety of depositional processes. For example, some breccias are monolithologic--that is, composed of
only one kind of clast (Parsons, 1969; Lajoie, 1979)--and consist of angular pieces of basalt that seem to fit
together like the pieces of a jigsaw puzzle. These ”jigsaw breccias” are interpreted as autoclastic deposits
(Lajoie, 1979) that formed by the rapid cooling and shattering of hot lava as it came into contact with
cold seawater or wet, unconsolidated sediment. Such breccias are volumetrically unimportant in the
Mindego Basalt, however, and probably make up less than 5% of the formation.

More common are monolithologic tuffs and breccias that are composed of angular fragments that do
not fit together like a jigsaw puzzle. These deposits typically are many m thick and massive to poorly
stratified. The processes by which such tuffs and breccias are formed in submarine settings are poorly
known (Lajoie, 1979). The angular clasts of basalt may have been produced by autoclastic fragmentation,
or alternatively they may have formed by pyroclastic ejection from volcanic vents during explosive
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(2) Slate Creek occurrence.

A fossiliferous limestone about 2.5 m thick occurs at the stratigraphic top of the Mindego Basalt in
Slate Creek (Figures 59 and 60). This limestone is thinner, generally finer-grained, and has a fossil fauna
somewhat different from that of the limestone in Zayante Creek.

The limestone in Slate Creek is a light brown skeletal lime grainstone. It consists mainly of angular
to rounded fine to medium sand sized skeletal grains, but bivalve fragments up to 2 cm long also occur.
Sand to granule sized basalt fragments make up about 5% of the rock, while detrital grains of feldspar
and quartz sand constitute only about 1%. The cement is very finely crystalline calcite. Porosity ranges
from 5-15% and is apparently due to selective leaching of both volcanic and carbonate detrital grains.
Most of the limestone is massive but in places a crude stratification is defined by the parallel alignment of
elongate shell fragments and by alternating layers of coarser and finer grained material.

Many of the skeletal grains are too small to identify with certainty, but of the recognizable
fragments the most common are benthic foraminifers (probably several species), echinoid spines and
plates, and several species of bivalves. Other organisms present in lesser amounts include bryozoans,
barnacles, gastropods, and probable calcareous green algae. A few skeletal grains have thin dark rims
that I interpret as micrite envelopes of algal origin.

Several lines of evidence suggest that the lime grainstone of Slate Creek was deposited in shallow,
well-agitated water on the crest or flank of a submarine volcanic knoll. The algally-micritized skeletal
grains and the fragments of calcareous green algae must have formed in the photic zone. The lack of mud
matrix and the high degree of fragmentation and rounding of the skeletal grains indicate winnowing by
currents of at least moderate strength. The paucity of detrital quartz and feldspar sand suggests that the
carbonate sediment was deposited well out of the reach of turbidity currents carrying land-derived
sediments, as would be the case on a submarine knoll. The presence of a submarine topographic high in
the Slate Creek area during late Zemorrian and Saucesian time is also suggested by evidence from benthic
foraminiferal paleobathymetry discussed later in this report and shown in Figure 66.

An alternative interpretation is that the limestone of Slate Creek is a shallow water carbonate sand
that was transported into deeper water and redeposited. However, I have observed no evidence for
redeposition. Such evidence could include, for example, the occurrence of sedimentary structures in the
limestone indicative of deposition from turbidity currents or grain flows; and the occurrence within the
limestone of interbeds of shale containing deeper-water fossil assemblages.

(3) Other limestone occurrences.

Several other lenses of limestone associated with the Mindego Basalt have been reported (Figure 55).
These have not been studied in detail but may represent banktop accumulations of carbonate sediment
similar to the limestones in Zayante or Slate Creeks. A limestone body more than 300 m long and 30 m
thick and composed mainly of oyster shells is reportedly present in Waterman Creek (Cummings, 1960;
Cummings and others, 1962). Smaller lenses of limestone crop out along Mindego Creek, along San
Gregorio Creek near Redwood Terrace, and on the top of Mindego Hill (Touring, 1959; Cummings and
others, 1962).

A fossiliferous limestone known as the "Burns sand” occurs in the subsurface of the South La Honda
oilfield and has produced modest amounts of petroleum (Table 1). Electric log correlations indicate that
the Burns sand is lenticular and about 800 m long, 200 m wide, and up to 50 m thick. This lens of
limestone occurs at the stratigraphic top of the Mindego Basalt and is overlain by the Lambert Shale;
thus, its stratigraphic context is identical to that of the limestone in Slate Creek. Available core
descriptions are sketchy but indicate that the Burns sand contains numerous megafossil fragments. I
speculate that the Burns sand represents a bank top accumulation of carbonate sand analogous to the
limestone of Slate Creek, but I have not been able to obtain detailed lithologic and paleontologic evidence
to support my claim.



139

‘umouyun aze satdues asayly
Jo suor3ysod orydexbrivays @syosxd ((t xtpueddv¥) 6-0T-ul pue ‘g-OT-WL
‘GZ-0T-RTL ‘#Z-0T-%il satrdues Tworborojucared uo paseq Lxjeulyzevqoatred
pue ‘ebuzs ‘serxas ‘Arrewor3vwayos umoys Aboroyzyr ‘LeTuwls 'O ‘¥ puw
suoqqro ‘B Aq z86T xequeijdeg ur ssedwoo uojunxg pue a8de3l Y3IFm painsesuw
uotT3oes ‘(uor3IwdoT X03 9 8INOBTJ €08) UOTIOBE YBEID B3IVTS 8Y3l JO swaisis
Teuotytsodep pue ‘AxjemiyzeqosTed ‘Aydezbraviys pPeIISFUI ‘09 eaAnbTd

WSINVDT0A DILTVSYE 3NIYVHNENS

©23107182

£q pajuawad A1TEd0] ‘yEprOTBpPSAWE + IBINIISIA
U330 ‘popunox o3 ie[nSue sise[d ‘1IJWBIp WO
0§ 031 dn s3seld> yiIIm ‘pajios Ljiood ‘seIdd@iq
pu® s33jnl ydeiq o3 Leiy ‘pasodxs L1dood ‘31eseg
“IjeuwetIp wo

(viva
LNFID144NSNI)

O939ANIK
-$0¥ 13Ylo pue ‘sOSNTIOW ‘sprourydd jo sjusuleij
H 9z ys-puss papunol o3 leinSu® pue nuumﬂcﬁEuuou
m\ 30 Atuteuw Burisrsuod ,Lyse S

GNVS ZLVNOGHYD dOL XNVE

+
+
+
+
+
+ + L1VSve
02z o3 dn sjuawS®ij 31BSBQ PI1aIIBIS YITM ‘SIS +
+
+
+
M +

/ 1 w g'z *xoidde ‘umoaq Iydy .o=o¢n=ﬂuu osﬂa

L)

(i)dol NNve aNv “(:)3doTs

“NIV1d NISVE NIDAX0-MO1

l T
a3sodxd 1ON 1DVINOD NVIHHOWdZ

¥dddn ol
TOATSSBU ‘YOTYd NVIS3ONVS
m\ w1 ‘xoiadde ‘ieynueid pue 9si80d AIIA 01 JUTJ

‘u9918 Ylep auO3ISPUBS DTITUOONBIY 'AUOISPUBS
_ ov3tuodne(8 jo xrdjsw ® ur sayqqad pue sayn

-uea8 drjeydsoyd ieyn8ue 03 papunol jo pasoduwod R
‘YOTY3 WD § 3noqe 23BidwoyBSuod ay1qqad dyisydsoyq .
*$19jIUlWeloj juepunqe ‘IBUIWE] Pue sajnpou g
sjeydsoyd y3tm A77Ed07 ‘pPa3BQINIOFQ STBAIIIUL
QWOS ‘QATSSBU O3 pPIIBUTWB] ‘pappaq YITYl A13aA
1w

e o0 qIVHS
_ = LUdaNYT

03 utyy ‘osrituoone(d £ ‘L s ‘umoa
suoispnu pue oteyg -pesodxa Ljrood ‘s3misuoy — — — -

-uod #1qqad sjeydsoyd pus suolspu®s dyijuodne] i
JO SPeqIalUT JoUTW YITM SUOISPNU PpuU® a[eyS

INIDOIN YIMOT OL INID0DI10

- 00T

NIVId NISVH

NIDAXO0-MOT

ALIKHO4NODSIQ ©0:0.0:0.0

"XT138UW (;)o3jfworop >r3tusyde F— — —

umolq YJep ® ur ‘a3tuodneld jo suread pazis
puss pue 3[Is paia3leds yitm Suore ‘aieydsoyd
umolq 314Y317 jo sayqqed pue sarnueid ieinBue

03 papunol Jo sIsISuU0d !YIIY3 wWd 0§ 3Inoqe
‘posodxe A1io0od a3sisworfuod ayqqad 3sydsoyq
+suyea8 puss a3tuodne(d ‘saindids ou:ou NOILVIW4Od
‘slajrulweloj juspunq® Ylia sedefd uy {pappeq AJYILNOW INVISINT
uiyl ‘Apues pue £371s ‘DIIIWO[Op pu® DIFIDIED
‘pesodxs Ariood Puoispny - si13jIUTWBIO} JUBPUNQE
‘oButWR] pue sa[npou uuq:nnomn juepunge ‘paie
-utwel ‘peppeq Uyl 03 ulyl AI9A ‘A31is ‘sno?
-21115s A1qissod pus snoaledy®>d ‘umoiq YJep 03
umolq 9]eyg “aseq & 23®idwo[Suod 91qqad sieyd
-soyd ‘ouolIsSpné JO speaqiajUT JOuTW YITM IT®YS

NVIZIT3H
oL

ANFIOIN F1AAIN OL YIMOT

— 007

+1.2

¥ 0005

SWALSAS TVNOILISOdIA ANV (W) AYLINAHLVEOITVd

00027 0001 0
ADOTOHLIT NO1LVWIOd 49vls

s31uds

()
SSANNDIHL

NOILO3S X33HO 3LVS




140

Summary

Most of the Mindego Basalt apparently erupted in a pull-apart setting from submarine vents in the
vicinity of Mindego and Langley hills. Secondary eruptive centers not obviously related to the pull-apart
were located in the Zayante area near the Zayante-Vergeles fault, and in the Woodside-Half Moon Bay
area near the La Honda fault.

Most, if not all, of the extrusive rocks in the Mindego Basalt were erupted in submarine settings.
Evidence for this interpretation includes: (1) the interstratification of the extrusive rocks with sandstones,
limestones, and mudrocks containing marine fossils; and (2) the presence of pillow lavas, pillow fragments
in some breccias, and autoclastic ”jigsaw breccias,” all of which indicate that hot lava was in contact with
water.

Most of the Mindego Basalt consists of massive to crudely stratified basaltic tuff and breccia that
probably formed initially by autoclastic and pyroclastic processes. The mechanisms of transport and
deposition of this volcaniclastic material are unclear, but hot pyroclastic flows and cold sediment gravity
flows such as debris flows and turbidity currents may have been important.

In places, the volcanic piles evidently built up above the sea floor to form submarine knolls. The
tops of these knolls were colonized by barnacles, molluscs, and other shelly invertebrates whose skeletal
remains accumulated to form richly fossiliferous limestones. Some of the volcanic piles may have reached
above sea level to form islands, but no clear-cut evidence of emergence or subaerial volcanism has been
found.

Lambert Shale

Introduction

The Lambert Shale consists of laminated shale and bioturbated mudstone with minor turbidite
sandstone, glauconitic sandstone, and phosphatic pebble conglomerate. The formation was named by
Dibblee (1966) who designated a type section along Lambert and Peters creeks in the Mindego Hill
quadrangle (Figure 6).

Rocks assigned to the Lambert Shale by Brabb (1970) and by me include parts of the Monterey
shale of Branner and others (1909); parts of the San Lorenzo, Vaqueros, Mindego, and Sandholdt
formations of Touring (1959), Mack (1959), Cummings (1960), Cummings and others (1962), and Beaulieu
(1970); the Slate Creek Shale of Lamb (1964); the "Brush Creek shale,” "Vaqueros shale,” and ”Hester
Creek shale” of various unpublished oil company reports; and "Formation X” of Burford (1961).

The Lambert Shale is widely distributed in outcrop and in the subsurface on the La Honda block,
but is entirely missing from the Ben Lomond block (Figure 61). In some areas the Lambert Shale cannot
be distinguished from the lithologically similar Twobar Shale and Rices Mudstone because of poor
outcrops, complex structure, and sparse fossil control.

The Lambert Shale is generally poorly exposed. During the 1980-1982 field seasons, the best
exposures were in the upper Zayante Creek, Soquel-Hinckley , and Slate Creek sections (Figures 23, 35,
and 60) and in roadcuts along Highway 9 and Indian Trail Road near Saratoga Gap (Sec. 7-8S-2W).

Age

Benthic foraminifers are locally abundant and indicate that the Lambert Shale ranges in age from
early Zemorrian to Relizian(?) but most of it is late Zemorrian to Saucesian (Mack, 1959; McCollom, 1959;
Cummings, 1960; Burford, 1961; Clark, 1966; Dibblee, 1966; Fairchild and others, 1969; Hector, 1976; K,
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A. McDougall, unpublished report, 1979). An outcrop in the Woodside quadrangle that is questionably
assigned to the Lambert Shale yielded a sparse and poorly preserved assemblage of planktic foraminifers
of the lower to middle Miocene N7 to N12 zones (Poore, unpublished data, 1978). These paleontological
results suggest that most of the Lambert Shale was deposited about 30(?) to 18 m.y. ago during the late
Oligocene and early Miocene.

Stratigraphic Relations

The stratigraphic relations of the Lambert Shale are complex (Figure 14). In most of the La Honda
basin, the Lambert Shale conformably overlies and interfingers with the Vaqueros Sandstone and the
Mindego Basalt (Cummings, 1960; Dibblee, 1966; Clark, 1966, 1981; Beaulieu, 1970; Brabb, 1970). The
lateral equivalence of the Lambert Shale and part of the Vaqueros Sandstone is clearly illustrated, for
example, along Zayante Creek. In the upper Zayante Creek section, the Zemorrian-Saucesian stage
boundary apparently coincides with the Lambert-Vaqueros contact; but about one km to the south in the
lower Zayante Creek section, the same stage boundary falls well within the Vaqueros (Figures 35 and 44;
Clark, 1966; Brabb and others, 1977).

In parts of the La Honda quadrangle, both the Vaqueros Sandstone and Mindego Basalt are missing
and the Lambert Shale apparently overlies the Rices Mudstone. This contact is not exposed and its
nature is unknown; it may be either conformable or unconformable (Beaulieu, 1970).

In the Big Basin and Mindego hill quadrangles the Lambert Shale is overlain by the Monterey
Formation. The Lambert-Monterey contact is probably an unconformity, as discussed later in this report
in the chapter on the Monterey Formation. Elsewhere in the Santa Cruz Mountains, the Lambert Shale is
overlain in angular unconformity by the Santa Cruz Mudstone and by the Purisima Formation
(Cummings, 1960; Clark, 1966, 1981).

Thickness

The original depositional thickness of the Lambert Shale is unknown because the upper surface of
the formation is everywhere eroded. The limited thickness data in Appendices 3 and 4, combined with
the wide geographic distribution and relatively uniform lithology of the formation, suggest that the
Lambert Shale was deposited over the entire La Honda basin as a sheet that was more than 450 m thick
in the Woodside and Felton quadrangles and perhaps as much as 1460 m thick in the Mindego Hill
quadrangle. The original sheet of Lambert Shale was widespread but probably highly variable in
thickness due to lateral interfingering with the Vaqueros Sandstone and Mindego Basalt.

Lithology

The major categories of rocks in the Lambert Shale are: (1) laminated shales, (2) bioturbated
mudrocks, (3) turbidite sandstones, (4) olistostromes, (5) glauconitic sandstones, and (6) phosphatic pebble
conglomerates. Laminated shale and bioturbated mudrocks together make up about 90% of the
formation, while turbidite sandstones make up most of the remaining 10%. Olistostromes, glauconitic
sandstones, and phosphatic pebble conglomerates together make up less than 1% of the formation.

Laminated shales and bioturbated mudrocks occur throughout the formation and in places are
interbedded with each other. However, laminated shales become more abundant than bioturbated
mudrocks higher in the formation, at least in the upper Zayante Creek section (Figure 35) and in the type
section along Lambert and Peters creeks (Dibblee, 1966).

Laminated shales. --
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The shales are generally dark brown on fresh surfaces and weather to light brown, light orangish
brown, and nearly white. The shales weather in sheets that generally are parallel to stratification and
range in thickness from less than one mm in some outcrops near Saratoga Gap to "plates” several mm
thick in the Zayante Creek and Slate Creek areas. The shales are often highly fractured, and in some
roadcuts and other hillside outcrops the fracture surfaces are covered by yellow jarosite(?) and small
crystals of gypsum.

The shales are generally very thin to thin bedded and laminated (Figures 62, 63). The laminae
range from less than one mm to several mm thick and are marked by minute variations in color and
texture between adjacent laminae, as well as by the alignment of flattened or elongate particles such as
fish scales, plant fragments, and foraminifers. Some of the laminae consist almost entirely of fossil
foraminifers and are normally graded. Some other laminae are light brown to cream colored in reflected
light, nearly isotopic in thin-section under cross-nicols, and probably are phosphatic. In many cases the
individual laminae are laterally persistent and can be traced across the outcrop (generally less than 5 m to
10 m), but some laminae are not so persistent.

In the classification of Blatt (1982), most of these rocks are mud-shales, but clay-shales and silt-
shales also occur. Examination of 14 thin-sections shows that the shales consist of microfossils and
detrital grains of siliciclastic silt and sand scattered in a very fine grained matrix. The microfossils consist
mainly of benthic foraminifers and fish fragments, with lesser amounts of sponge spicules, possible
diatoms, and possible radiolarians. The siliciclastic grains consist mainly of quartz and feldspar with
lesser amounts of biotite, detrital hematite, and detrital glauconite. The matrix of the shales is too fine
grained to resolve clearly with the petrographic microscope, but its brown color and birefringence,
combined with x-ray diffraction analyses and staining of thin-sections for carbonate minerals, suggest that
the matrix of most of the shales is a complex mixture of clay minerals, phosphate, microcrystalline calcite,
and finely disseminated organic matter. Some shales are dolomitic rather than calcitic. X-ray diffraction
analyses also show that several samples from the upper Zayante Creek section contain substantial
amounts of opal-CT in addition to calcite and dolomite.

Phosphatic material occurs in the shales not only as fish fragments but also as authigenic laminae
and nodules. The phosphate nodules are generally cream-colored in reflected light and range in size from
less than one mm to lenses up to 0.5 cm thick and several cm long (Figures 62 and 63). The margins of
the nodules range from gradational (Figure 62) to sharp (Figure 63). In many cases, laminae bend around
the nodules, suggesting that the nodules formed prior to compaction during early burial diagenesis.

Dolomitic concretions are common in most outcrops of shale and weather out in relief. The
concretions are generally dark brown to dark gray on fresh surfaces and weather to various shades of
orange. They range in size from lenses only a few mm thick to large tabular "beds” that in some cases
are more than 100 cm thick. Lamination and phosphate nodules are commonly well-preserved in the
concretions, but fossil foraminifers are generally recrystallized and poorly preserved.

Benthic foraminiferal assemblages from the shales and from the associated bioturbated mudrocks
(described below) suggest deposition at middle to lower bathyal depths, or 500 m to more than 2000 m
(Appendix 1; Figures 23, 35, and 60).

The laminated shales probably represent deposition in low-oxygen bottom waters, as suggested by
the excellent preservation of laminae, the absence of megafossils, the dark color and apparently high
organic content, and the abundance of phosphatic nodules and laminae. These features are common in
low-oxygen muds in modern environments, and also in inferred anoxic shales in the rock record (Garrison,
1981; Pisciotto and Garrison, 1981; Soutar and others, 1981).

The shales are hemipelagic sediments composed of a mixture of terrigenous and biogenic
components. By analogy with modern basins in the southern California borderland, much of the detrital
silt and clay may have reached the sea floor as fecal pellets. However, the association of the shales with
turbidite sandstones (described below) suggests that at least some of the terrigenous mud was transported
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caused by variations in the location of the bottom or top of the oxygen minimum zone relative to the sea
floor. Alternatively, if the entire La Honda basin was at times a silled anoxic basin, as seems likely, the
bioturbated beds may represent periodic but temporary episodes of oxygenation of the basin waters by
overturn, as has been suggested for the Monterey Formation by Pisciotto and Garrison (1981).

In the Slate Creek section (Figure 60), some bioturbated mudrocks contain scattered phosphate
nodules that are irregular in shape and up to 2 cm in diameter (Figure 63). The origin of such rocks is
unclear. 1 speculate that they represent sediments that accumulated initially in anoxic conditions as
laminated muds; phosphate nodules grew in these muds during very early diagenesis, and at very shallow
burial depths. Subsequently, the bottom waters became temporarily better oxygenated, and the muds
were reworked by sediment-churning organisms who destroyed the lamination but not the relatively
coherent phosphate nodules.

Turbidite sandstones. --

Beds of feldspathic arenite and wacke, interpreted as the deposits of turbidity currents and possibly
other kinds of sediment gravity flows, occur throughout the Lambert Shale but seem to be thicker and
more numerous in the Felton, Laurel, and Castle Rock Ridge quadrangles than elsewhere in the La Honda
basin. During the 1980-1982 field seasons the best exposures of these sandstones were in the upper
Zayante Creek section (Figures 35 and 64) and in roadcuts along Indian Trail Road south of Saratoga Gap
(Sec. 7-8S-2W).

The sandstones are generally light gray to light brown on fresh surfaces and weather light brown to
white. Visual estimates of the compositions of 16 thin-sections show that the sandstones consist of about
40-60% quartz, 10-30% potassium feldspar, 10-20% plagioclase, 5-10% lithic fragments, and 0-15%
biotite. Other detrital grains make up generally less than 2% of the rock and include glauconite,
muscovite, detrital hematite, phosphatic pellets, and biogenic grains such as benthic foraminifers, echinoid
spines, and fish fragments. The lithic fragments include chert, silicic volcanic rocks, gramitic rocks,
siltstone, quartzite, mica schist, and basalt. The composition of the sandstones in the Lambert Shale is
very similar to that of the underlying Vaqueros Sandstone, suggesting that they were derived from the
same source area.

Sandstones in the Lambert Shale range from strongly weathered and friable to hard and well-
cemented. The most common cements are dolomite, calcite, and unidentified clay minerals. Phosphatic
cement was noted in two samples collected from roadcuts along Aptos Creek Road in the Laurel
Quadrangle. Calcitic concretions are common in some areas, particularly along Hinckley Creek.

Sandstones in the Lambert Shale can be divided very generally into two groups based on recurrent
associations of bed thickness, grain size, and sedimentary structures. The two groups are: (1) thin bedded,
fine grained sandstones that exhibit normal grading and partial Bouma sequences and are interbedded
with roughly equal amounts of shale; and (2) thick to very thick bedded, coarse grained, massive to plane
laminated sandstones that in some cases are amalgamated to form intervals up to 5 m thick. These two
groups of sandstones probably represent interchannel and channel-fill deposits, respectively, and are
discussed in further detail below.

(1) Thin bedded fine sandstones.

Intervals of thin-bedded fine sandstone and interbedded shale are common in the Lambert Shale in
the upper Zayante Creek section (Figures 35 and 64) and along Hinckley Creek. The sandstones range in
texture from very fine to coarse but most are very fine to fine and moderately to well sorted. Most beds
are continuous across the outcrop (generally 5 to 10 m) but some become thinner and pinch out laterally.
The lower contacts of the sandstone beds are always sharp, and often are scoured and clearly erosional.
The upper contacts of the sandstones with the overlying shales range from sharp to gradational. Common
sedimentary structures include normal grading, ripple and climbing ripple cross-lamination, and plane
lamination; less common are starved ripples, convolute lamination, flame structures, and load casts.
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Bouma Tce and Thce sequences are common, but no "complete” Bouma Tabede or Tabce sequences were
noted. Plant fragments and mica flakes are commonly concentrated along laminae in the sandstones.

These sandstones strongly resemble the facies D and E turbidites of Mutti and Rieci Lucchi (1972)
and are interpreted as the deposits of turbidity currents. Most of these thin bedded turbidites probably
represent interchannel and channel-fill deposits, but no thinning-upward (or thickening-upward) vertical
sequences were noted.

(2) Thick bedded coarse sandstones.

Thick to very thick bedded coarse sandstones occur sporadically in the Lambert Shale. Good
outcrops occur in the upper Zayante Creek section, along Hinckley Creek, and along Indian Trail Road
near Saratoga Gap. The sandstones range in texture from fine to very coarse grained, but most are
medium to coarse and moderately to poorly sorted. The beds range from about 30 ¢m to more than 100
cm in thickness, and occur as single beds enclosed in shale, or as packets of amalgamated beds up to 5 m
thick. The bases of the beds are usually sharp and often highly irregular and scoured with as much as 60
cm of erosional relief. The upper parts of the beds generally grade upward into the overlying shale, where
shale is present.

Most of these thick to very thick coarse sandstones are massive or plane-laminated. Other common
structures include rip-up clasts and flame structures. At the bases of two beds in the upper Zayante
Creek section I found ”sediment flaps” (terminology of Howell and Joyce, 1981, p. 67) in which part of the
underlying mudrock was apparently pulled up as the sandstone bed was forcibly emplaced.

These thick bedded sandstones resemble the facies A and B turbidites of Mutti and Ricei Lucchi
(1972). They are interpreted as submarine channel deposits that were emplaced by high-velocity turbidity
currents, grain flows, or related kinds of sediment gravity flows.

Olistostromes.--

Olistostromes are uncommon in the Lambert Shale and are poorly exposed. Two olistostromal
beds, one about 130 cm thick and the other between 50 and 250 cm thick, occur in the upper part of the
formation in the upper Zayante Creek section. Both of these beds consist of jumbled blocks of contorted,
thin-bedded sandstone and mudrock. Another olistostrome is exposed in Hinckley Creek, is about 60 cm
thick, and consists of numerous angular clasts of dark brown mudrock in a matrix of medium sandstone.
The mudrock clasts are similar in lithology to much of the Lambert Shale and are contorted as if they
were soft and plastically deformed at the time of emplacement of the olistostrome.

These olistostromes correspond to facies F in the scheme of Mutti and Ricei Lucchi (1972) and
probably represent soft-sediment slumps or debris flow deposits.

Glauconitic sandstone.--

Only one bed of glauconitic sandstone was observed in the Lambert Shale. The bed is about one m
thick and is very poorly exposed in the Slate Creek section about 30 m above the apparent base of the
formation (Figure 60).

The base of the bed is sharp and marked by borings or burrows that extend downward for several
cm into the underlying mudstone and are filled with glauconitic sand. The top of the sandstone bed
grades upward into glauconitic sandy mudstone.

The glauconitic sandstone is dark green on fresh surfaces and weathers to various shades of orange
and red on exposed surfaces and along fractures. The sandstone is fine to very coarse grained, poorly
sorted, and contains scattered granules and pebbles of phosphate. The sandstone is apparently massive
but may be bioturbated.
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In thin-section the sandstone is composed of about 80-85% green glauconite, 5% phosphatic grains,
and 10-15% detrital siliciclastic grains cemented by a brown, microcrystalline material that appears to be
phosphatic. The grains of glauconite range from ovoid to irregular in shape and exhibit a wide variety of
internal microstructures. Some of the glauconite grains appear to be aggregates of several smaller
glauconite grains cemented together by glauconite; others have a faint lamellar structure, contain angular
grains of quartz silt and "ghosts” of benthic foraminifers, and are interpreted as fragments of laminated
mudrock that were entirely replaced by glauconite. The phosphatic grains include numerous fish
fragments, a few phosphatic ooids, and many well-rounded, ovoid to irregularly-shaped grains that may
represent fragments of phosphate nodules eroded from older phosphatic mudrocks. Fractures and small
borings in some of the larger phosphatic grains are filled with glauconite. The detrital siliciclastic grains
include quartz, feldspar, and biotite. Small euhedral blocks and framboids of pyrite are scattered
throughout the rock, and appear to have partially replaced glauconitic and phosphatic grains as well as
the phosphatic(?) cement.

This glauconitic sandstone, like the ones in the Rices Mudstone and Vaqueros Sandstone discussed
earlier in this report, probably marks a disconformity and represents a period of erosion or very slow
sedimentation. However, the disconformity in the Lambert Shale does not appear to correspond to any
important biostratigraphic break, and is probably of local rather than regional extent because similar beds
have not been observed in the Lambert Shale in other areas. I speculate that this glauconitic sandstone
formed on the current-swept top or flank of a sediment-starved submarine topographic high in the Slate
Creek area. The presence of such a submarine bank is supported by other evidence, including the
occurrence of the fossiliferous limestone in the Slate Creek section described earlier in this report, and also
by paleobathymetric maps based on an interpretation of benthic foraminiferal assemblages and presented
later in this report (Figure 66).

Phosphatic pebble conglomerate.--

About 0.5 m stratigraphically above the just-described glauconitic sandstone is a bed of phosphatic
pebble conglomerate. The bed is about 5 c¢m thick and poorly exposed but appears to be laterally
continuous across the outcrop, which is about 3 m wide. The conglomerate consists of rounded to angular
phosphatic granules and pebbles in a matrix of glauconitic sand. Thin-sections of two phosphatic pebbles
show that they are oolitic phosphorites composed of sand-sized phosphatic pellets, phosphate-coated ooids,
and minor detrital quartz and feldspar; these grains are cemented by microcrystalline phosphate. Most of
the phosphate-coated ooids have nuclei of green glauconite.

Phosphatic pellets, glauconite, and detrital quartz and feldspar form veneers on the tops of some
offshore banks in the modern southern California continental borderland (Pisciotto and Garrison, 1981).
Perhaps similar phosphatic-glauconitic sands on the inferred submarine bank in the Slate Creek area were
cemented by phosphate and then eroded and subsequently redeposited to form the phosphatic pebble
conglomerate in the Lambert Shale.

Depositional Systems

The Lambert Shale represents deposition of organic-rich hemipelagic mud in bathyal environments
where the bottom waters were generally anaerobic but occasionally well-oxygenated. The mud was
deposited in a variety of settings including slope, basin plain, and bank top.

Along the southwestern margin of the La Honda block in the Felton, Laurel, and southeastern Castle
Rock Ridge quadrangles, the Lambert Shale consists mainly of shale and mudstone (facies G of Mutti and
Ricci Lucchi, 1972) with minor olistostromes (facies F) and turbidite sandstones (facies A, B, D, and E).
This facies association is characteristic of slope deposits, according to Mutti and Ricci Lucchi (1972) and
Howell and Normark (1982). Additional evidence for the presence of a slope in this area during the late
Zemorrian and Saucesian deposition of the Lambert Shale is provided by paleobathymetric data discussed
later in this report and summarized in Figure 66.
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Farther to the north, in the Mindego Hill and La Honda quadrangles, the Lambert Shale consists
mainly of mudrocks with only minor turbidite sandstone, glauconitic sandstone, and phosphatic pebble
conglomerate. Paleobathymetric reconstructions (Figure 66) suggest that the Lambert Shale in this area
was deposited on a flat to gently sloping basin plain punctuated by submarine knolls.

Much of the Lambert Shale consists of laminated phosphatic shales that represent deposition in
low-oxygen conditions. These anaerobic sediments occur in inferred slope, basin plain, and bank top
settings, and their wide stratigraphic and geographic distribution suggests that low-oxygen conditions
prevailed throughout the La Honda sea during much of late Zemorrian and Saucesian time. Thus, the
Lambert shale apparently represents a basin-wide ”anoxic event” similar to that recorded by the Eocene
Twobar Shale and discussed earlier in this report. I speculate that both anoxic events occurred when
circulation between the La Honda basin and the Pacific Ocean was partially blocked by sills whose tops
occurred within the oxygen minimum zone. The locations and configurations of these hypothetical sills
are unknown. Speculatively, the sills may have been caused by episodes of uplift of the San Gregorio high
or other structural salients that are presently buried in the subsurface west of La Honda and east of the
San Gregorio-Hosgri fault. Alternatively, the sills may have been formed by large-scale ”shutter ridges,”
or large uplifted blocks of crust moving relatively northward along the west side of the San Gregorio-
Hosgri fault; such large blocks may have temporarily blocked a deep, narrow channel or strait that
connected the La Honda basin with the Pacific Ocean. A third possible explanation is that the La
Honda-Pacific connection was partially blocked by construction of a volcanic edifice west of the La Honda
area during the late Oligocene-early Miocene eruption of the Mindego Basalt.

The transition from the Vaqueros Sandstone and Mindego Basalt upward to the Lambert Shale
represents a major marine transgression (Figures 23, 44; Clark, 1966, 1981). This transgression probably
records a pulse of rapid subsidence during the late Oligocene and early Miocene, as discussed in the final
section of this report.

LOWER TO MIDDLE MIOCENE SEQUENCE

The lower to middle Miocene sequence rests in angular unconformity on the older Paleocene and
Eocene to lower Miocene sequences, and records a marine transgression of Relizian and Luisian age. The
lower to middle Miocene sequence consists of a transgressive shallow-marine sheet sandstone, the Lompico
Sandstone, and the overlying deeper-water Monterey Formation (also called the Monterey Shale by some
authors).

Lompico Sandstone

The Lompico Sandstone consists chiefly of fossiliferous feldspathic sandstone with minor interbeds of
mudstone and conglomerate. It was named by Clark (1966) for exposures in Lompico Creek. Its type
section is along East Zayante Road, about one mile southeast of the town of Lompico (Figure 6; Clark,
1966, p.82). The Lompico Sandstone as recognized by Clark includes the lower sandstone unit of Brabb‘s
(1960) "Formation A of the Monterey Group,” as well as Relizian strata on Ben Lomond Mountain that
were previously assigned to the Vaqueros Sandstone by Branner and others (1909), Page and Holmes
(1945), and Brabb (1960).

As mapped by Brabb (1970), the Lompico Sandstone has a discontinuous geographic distribution.
The Lompico is best developed on the Ben Lomond block. About 50 km to the north, on the southern
flank of Montara Mountain, sandstones with similar lithology and stratigraphic position are also mapped
as "Lompico Sandstone” by Brabb (1970). However, in the area between Montara Mountain and the Ben
Lomond block, the Lompico is not present, and probably never was deposited there; its stratigraphic
position is occupied by glauconitic and phosphatic strata at the base of the Monterey Formation. I infer
that the two sandstone bodies called "Lompico” were deposited at about the same time but in
geographically separate parts of the basin, and were never physically connected. Therefore, I suggest that
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the name "Lompico” be applied only to the Ben Lomond exposures, and that the Relizian and Luisian
sandstones on Montara Mountain be renamed.

On the Ben Lomond block, the Lompico Sandstone rests nonconformably on granitic and
metamorphic basement, and in angular unconformity on the Locatelli Formation, the Butano Sandstone,
and the Zayante (?) Sandstone of Majors Creek. A contact between the Lompico Sandstone and the
Lambert Shale is nowhere exposed, but if it were it would probably be an unconformity, as implied by
Figure 14. The Lompico is overlain conformably and gradationally by the Monterey Formation (Clark,
1966, 1981).

The Lompico Sandstone is about 150 m thick in its type section, and reaches a maximum thickness
of 240 m along Majors Creek (Appendix 3). Shortly after its deposition, the Lompico Sandstone was
probably a sheet about 100 m to 300 m thick that covered much of the northern Ben Lomond block.

The Lompico Sandstone, at least on the Ben Lomond block, is of early and perhaps middle Miocene
age. Molluscs and echinoids of the Temblor Stage of Addicott (1972) are locally abundant. Benthic
foraminifers suggest that the Lompico is of Relizian and possibly early Luisian age (Clark, 1966, 1981).
Based on these data, and assuming that the Relizian Stage of the La Honda basin is the same age as the
Relizian Stage of the Salinas basin (Poore and others, 1981), I conclude that most of the Lompico
Sandstone was deposited between 18 m.y. and 17 m.y. ago.

The sedimentology of the Lompico Sandstone has not been studied in detail. On the Ben Lomond
block, the Lompico Sandstone consists mainly of thick to very thick bedded, moderately to well sorted,
fine to very fine feldspathic arenite. Fossils and fossil fragments are locally abundant and consist mainly
of shallow-water marine molluscs, echinoids, and barnacles (Clark, 1981). Much of the sandstone is
apparently massive, but some intervals are thoroughly bioturbated. Plane-laminated and tabular to
trough cross-laminated sandstones are common and well-exposed in the Majors Creek area. Locally,
individual tabular cross-laminated sets are more than 2 m thick and similar in appearance to the giant
sand wave deposits described by Phillips (1981, 1983) from the overlying Santa Margarita Sandstone. The
”echinoid reef” reported from Majors Creek by Page and Holmes (1945) consists of plane-laminated and
cross-laminated coarse sandstone with abundant tests and fragments of an echinoid identified by Clark
(1981) as Vaquerosella coreyi. Mudstone interbeds are few in the Lompico Sandstone, and yield benthic
foraminifers indicative of outer shelf to upper bathyal depths (Appendix 1).

The Lompico Sandstone on the Ben Lomond block probably was deposited in shallow marine shelf
environments, as suggested by: (1) locally abundant shallow-water marine megafossils and microfossils;
(2) the predominance of ”clean”, moderately to well sorted sandstone with only a few mudstone interbeds,
suggesting generally high-energy conditions that winnowed away most fine sediment; and (3) the common
occurrence of trough and tabular cross-lamination indicating high-energy deposition by migrating
bedforms such as dunes and sand waves. A granitic provenance for the sandstone is suggested by the
abundance of quartz, feldspar, and biotite and by the presence of granitic clasts in the interbedded
conglomerates. Much of the sediment may have been derived from erosion of the granitic core of Ben
Lomond Mountain, which is believed to have been a topographic and structural high during early and
middle Miocene time (Clark, 1981).

Little is known about the so-called Lompico Sandstone on the southern flank of Montara Mountain.
These strata apparently rest nonconformably on granitic basement, are overlain conformably by the
Monterey Formation, and are similar in lithology and fauna to the Lompico Sandstone of the Ben Lomond
block (Clark, 1981, p.19-20). Elsewhere on the La Honda block-in particular, in the area between
Montara Mountain and Ben Lomond Mountain--the fossiliferous feldspathic sandstone typical of the
Lompico is missing. Instead, the stratigraphic position of the Lompico is occupied by a thin horizon of
glauconitic siltstone, sandstone, or conglomerate (Figures 14 and 60; Cummings and others, 1962, p.194).
This basal glauconitic horizon is mapped as part of the Monterey Formation by Brabb (1970) and by me,
although it has been referred to the Lompico Sandstone by Beaulieu (1970). The lateral equivalence of
the glauconitic horizon to the Lompico Sandstone is paleogeographically important because it suggests
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that during Relizian time the shallow shelf areas on Montara and Ben Lomond mountains were separated
by a deeper-water area in which glauconitic sand--rather than fossiliferous, cross-laminated and burrowed
feldspathic sand--was deposited.

Monterey Formation

The Monterey Formation of the La Honda basin consists of siliceous and calcareous shale and
mudstone, with locally abundant interbeds of sandstone and minor interbeds of bentonite. The Monterey
Formation crops out extensively on the Ben Lomond block and is present in the subsurface beneath much
of the onshore and offshore Monterey Bay area (Greene and Clark, 1979). On the La Honda block,
however, the Monterey Formation is poorly exposed in small erosional remnants (see geologic map of
Brabb, 1970) and is very poorly represented in the subsurface as well.

The name Monterey was borrowed from the Salinas Valley stratigraphic nomenclature and applied
to strata in the Santa Cruz Mountains by Haehl and Arnold (1904) and by Branner and others (1909)
Subsequent investigations have shown that strata mapped as Monterey by these early workers range in
age from middle Eocene to upper Miocene and are now assigned to the Twobar Shale, Lambert Shale,
Monterey Formation (or Monterey Shale) and Santa Cruz Mudstone. In this report, the name "Monterey”
is restricted to strata of Relizian and Luisian age, following the procedure of Brabb (1970) and Clark
(1966, 1981). The Monterey Formation so defined includes beds of the "Woodhams formation” of Touring
(1959), the ”Woodhams shale unit” of Cummings and others (1962), and the upper part of "Formation A”
of Brabb (1960). The reader is warned that the "Monterey formation” of Touring (1959) and the
"unnamed unit of the Monterey shale” of Cummings and others (1962) are of late Miocene age and are
assigned to the Santa Cruz Mudstone by Brabb (1970) and by me.

On the Ben Lomond block and on the southern flank of Montara Mountain the Monterey Formation
rests conformably and gradationally on the Lompico Sandstone. However, on the part of the La Honda
block between Ben Lomond and Montara mountains, the Lompico Sandstone is absent, and the Monterey
Formation rests directly on both the Mindego Basalt and the Lambert Shale. The Monterey-Mindego
contact is marked by a glauconitic siltstone and is interpreted as an unconformity by Cummings and
others (1962, p.194). The Monterey-Lambert contact is generally concordant but poorly exposed, and its
interpretation is controversial. Clark (1966, p.74) and Beaulieu (1970) think that the contact is
conformable and gradational. However, in Slate Creek, the Lambert Shale is sharply and concordantly
overlain by a 50 cm-thick glauconitic and phosphatic pebble conglomerate at the base of the Monterey
Formation (Figure 60). This contact is interpreted by Cummings and others (1962, p.194) and by me as a
disconformity. The Monterey Formation is overlain in angular unconformity by the Santa Margarita
Sandstone (Clark, 1966, 1981).

The original depositional thickness and geometry of the Monterey Formation are unknown due to
extensive late Cenozoic erosion. The Monterey is at least 825 m thick on the Ben Lomond block and
possibly 900 m or more thick on the La Honda block (Appendix 3). Erosional remnants of the Monterey
Formation are widely scattered in the Santa Cruz Mountains, suggesting that the formation originally
covered the entire area as a sheet that was several hundred meters thick.

The Monterey Formation of the La Honda basin is of early and middle Miocene age. Benthic
foraminifers of the Relizian and Luisian stages are common throughout the basin (Appendix 1) and molds
of molluscs of the Temblor Stage of Addicott (1972) have been reported from the Felton-Santa Cruz area
by Clark (1966, 1981). Calcareous nannofossils found along Lompico Creek are tentatively referred to the
lower or middle Miocene N5 Zone by Bukry and others (1977). These data suggest that the Monterey
Formation in the La Honda basin was deposited between 18 m.y. and 14 m.y. ago, assuming that the
Relizian and Luisian stages in the La Honda basin are the same ages as their type sections in the Salinas
Valley area (Poore and others, 1981).
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The sedimentology of the Monterey Formation of the La Honda basin has not been studied in detail.
The available literature and my own limited field observations suggest, however, that there are significant
lateral and vertical variations in the lithology of the Monterey.

On the Ben Lomond block in the Zayante-Lompico area, the Monterey Formation consists chiefly of
shale and mudstone with numerous dolomitic concretions and interbeds of sandstone and bentonite. The
lower half of the Monterey consists mainly of siliceous and calcareous shale. X-ray diffraction studies
show that the shales contain opal-CT, quartz, and calcite (Grant, 1982). The opal-CT and some of the
quartz may have formed by the diagenetic alteration of diatom-rich muds, while the calcite resides mainly
in the tests of foraminifers and other calcareous microfossils. The shales typically are very thin to
medium bedded, often laminated, contain abundant phosphatic nodules and laminae, and are dark-colored
and rich in organic matter; these characteristics suggest that the shales were deposited in low-oxygen
conditions. Molds of fossil bivalves are locally abundant and concentrated along bedding planes in the
shales (Clark, 1966, 1981). It seems unlikely that the clams were able to live in low-oxygen conditions;
instead they may have been transported and redeposited from shallower, more hospitable environments, or
they may record intervals when the bottom waters were temporarily oxygenated. Benthic foraminifers
from the shales suggest deposition at upper bathyal and possibly upper middle bathyal depths (Appendix

1).

Higher in the section in the Zayante-Lompico area, the low-oxygen shales are gradually replaced by
massive, nonfissile, thick to very thick bedded, sandy and silty mudstones that are intensely bioturbated
(Grant, 1982). The upward increase in bioturbation suggests increasingly more oxygenated bottom
conditions.

Sandstone interbeds also become thicker and more numerous upsection in the Zayante-Lompico
area. The sandstones are thin to thick bedded, very fine to medium feldspathic arenites and wackes that
are similar in mineralogy to the underlying Lompico Sandstone (Clark, 1981). However, many of the
sandstones in the Monterey are normally graded and exhibit partial to complete Bouma sequences, and
therefore were probably deposited by turbidity currents. Limited paleocurrent data suggest that the
turbidity currents flowed toward the northeast (Grant, 1982). The upward increase in thickness and
frequency of the sandstone beds suggest that the upper part of the Monterey Formation is a regressive
sequence and records progressive shallowing (Clark, 1981).

On the Ben Lomond block west of the Zayante-Lompico area, sandstone beds increase in thickness
and frequency and the mudstones become siltier and sandier (Clark, 1966, 1981). On the southwestern
flank of Ben Lomond Mountain the Monterey is poorly exposed but appears to consist mainly of siltstone
and sandstone that reportedly contain ”dwarfed” foraminiferal faunas. These rocks are inferred by Clark
(1981) to record the persistence of shallow-water conditions in the Ben Lomond Mountain area following
deposition of the Lompico Sandstone.

On the La Honda block in the Saratoga Gap and Portola Redwoods State Park areas, the Monterey
Formation consists mainly of shale and mudstone (Figure 65). Dolomitic concretions and sandstone
interbeds are also present but are less common than on the Ben Lomond block. The shales on the La
Honda block are siliceous and calcareous, laminated, phosphatic, and rich in organic matter; like their
counterparts on the Ben Lomond block, these shales probably were deposited in low-oxygen environments.
However, the shales on the La Honda block are noticeably more fissile, more phosphatic, and less silty and
sandy than correlative shales on the Ben Lomond block. In addition, thin interbeds of porcelanite,
"opaline chert”, and ”"impure diatomite” occur locally on the La Honda block, according to Cummings
and others (1962); similar silica-rich rocks are present but less common on the Ben Lomond block. These
observations show that in general the Monterey Formation of the La Honda block is finer grained and
more siliceous than the Monterey of the Ben Lomond block. These differences suggest that the Monterey
of the La Honda block accumulated in a more basinal setting and farther from sources of terrigenous
sediment than the Monterey of the Ben Lomond block. In addition, benthic foraminifers from the La
Honda block suggest deposition at middle bathyal depths, compared to upper bathyal and shelf depths on
the Ben Lomond block (Appendix 1).
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Together, the Lompico Sandstone and Monterey Formation record a major marine transgression that
followed an early Miocene (late Saucesian to early Relizian) episode of extensive uplift and erosion. The
transgression occurred during early to middle Miocene (Relizian and Luisian) time and was accompanied
by subsidence and increasing water depth over much of the La Honda basin. On the basin margins, in
both the Ben Lomond Mountain and Montara Mountain areas, the initial stages of deepening led to
deposition of the Lompico Sandstone in high-energy shelf environments. In the deeper-water basin
between these two shelf areas, however, the Lompico Sandstone was not deposited, and the initial
subsidence and deepening are recorded by a disconformity and glauconitic bed at the base of the
Monterey Formation. Continued subsidence led to deeper-water conditions and deposition of the
Monterey Formation over much of the basin. The turbidite sandstones in the Monterey Formation of the
Zayante-Lompico area were probably derived from a granitic source area to the southwest, as suggested
by northeast-flowing paleocurrents, stratigraphic relationships, and the quartzofeldspathic mineralogy of
the sandstones (Grant, 1982; Clark, 1966, p.115). The exact location of the granitic source area is
unknown, but it may have been in the vicinity of the modern Ben Lomond Mountain (Clark, 1966) or
Monterey Bay. On the northern margin of the La Honda basin, Montara Mountain may also have been a
granitic high that shed sediment southward into the basin (Clark, 1966, p.115).

MIDDLE TO UPPER MIOCENE SEQUENCE

Deposition of the Monterey Formation was followed by a major episode of deformation, uplift, and
erosion during middle Miocene time. Renewed subsidence and marine transgression began during the late
middle Miocene and are recorded by strata of the middle to upper Miocene sequence. This sequence
consists of two formations, the shallow marine Santa Margarita Sandstone and the deeper-water Santa
Cruz Mudstone, which rest in angular unconformity on the Monterey Formation and all older rocks in the
La Honda basin.

Santa Margarita Sandstone

The Santa Margarita Sandstone consists chiefly of fossiliferous feldspathic arenite and conglomerate.
The name ”Santa Margarita” was borrowed from the Salinas Valley stratigraphic nomenclature and
applied to strata in the Santa Cruz Mountains by Branner and others (1909). As mapped by Brabb
(1970), the Santa Margarita Sandstone includes strata formerly referred to as the basal sandstone of the
”Monterey formation” by Touring (1959) and the basal sandstone of Formation B” by Brabb (1960).

The Santa Margarita Sandstone is economically important. It is extensively quarried for sand and
gravel in the Felton-Santa Cruz area and also is an important aquifer and source of domestic water. On
the southwestern flank of Ben Lomond Mountain the Santa Margarita locally is saturated with heavy oil
(Page and Holmes, 1945; Phillips, 1981). These bituminous sands were quarried for many years and used
as road paving material (Huguenin and Castello, 1921). Attempts to extract the oil have been
economically unsuccessful (Adams and Beatty, 1962; Hallmark, 1980).

Geographically, the Santa Margarita Sandstone is restricted to the central La Honda basin (see maps
of Brabb, 1970, and Phillips, 1981, 1983). The Santa Margarita is thickest in the Felton-Scotts Valley
area and thins generally northwestward to an apparent pinchout near Butano State Park (Phillips, 1981,
Plate 1). East of the Felton-Scotts Valley area, the Santa Margarita is exposed in scattered outcrops as
far east as Aptos Creek (Phillips, 1981) and probably is present in the subsurface as well. Geophysical
evidence suggests that the Santa Margarita also is present in the Monterey Bay offshore area (Greene and
Clark, 1979).

The Santa Margarita Sandstone rests nonconformably on granitic and metamorphic rocks. It also
overlies, in angular unconformity, Tertiary strata as old as the Ynezian Locatelli Formation and as young
as the Luisian Monterey Formation (Clark, 1981; Phillips, 1981). The Santa Margarita is conformably
overlain by the Santa Cruz Mudstone. Depending on the locality, this upper contact is gradational,
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interfingering, or abrupt; in places, this contact is associated with pebble beds, glauconitic sandstone, and
local concentrations of mammal bones (Clark, 1966; Phillips, 1981).

An isopach map prepared by Phillips (1981) shows that the Santa Margarita reaches its maximum
thickness of about 130 m in the Felton-Scotts Valley region. The area of greatest thickness is adjacent
and parallel to the Ben Lomond fault, suggesting that the fault was active during deposition of the Santa
Margarita (Phillips, 1983; Stanley and McCaffrey, 1983). Locally, the Santa Margarita thins and pinches
out onto ancient structural and topographic highs, indicating that it was deposited by a sea that
transgressed over an irregular, perhaps hilly erosional surface (Phillips, 1981, 1983).

Based on the occurrence of invertebrate fossils of the Margaritan and Jacalitos stages of Addicott
(1972) and vertebrate fossils of the Clarendonian Stage, the Santa Margarita Sandstone was deposited
during the late middle and early late Miocene about 9 m.y. to 12 m.y. ago (Phillips, 1981).

The sedimentology of the Santa Margarita Sandstone has been studied in detail by Phillips (1981,
1983). These investigations show that the Santa Margarita was deposited in a large tidal seaway--a kind
of ancient Golden Gate--that connected the Pacific Ocean with an inland sea in the San Joaquin Valley.
The tidal seaway was long and narrow, about 8 to 10 km wide, and oriented northeast- southwest or
nearly perpendicular to the axis of Ben Lomond Mountain. In the center of the ancient seaway, extensive
cross-stratified sandstones and conglomerates were deposited by large sand waves that migrated in
response to strong tidal currents. On either side of the belt of cross-stratified sandstone and
conglomerate, sandstones on the channel margins are intensely bioturbated and were deposited in
relatively quiet-water environments. The paleocurrent pattern in this ancient tidal seaway, based on more
than 1700 individual measurements, is bimodal and bipolar but assymetric; the dominant flow direction to
the southwest represents flow during falling (ebb) tides, while weaker currents flowed to the northeast
during rising (flood) tides (Phillips, 1983).

No benthic foraminiferal assemblages have been reported from the Santa Margarita Sandstone, so
Ingle‘s (1980) method of paleobathymetric analysis cannot be applied. Phillips (1981, p.251) believes that
the Santa Margarita was deposited in marine shelf environments, but probably below the zone of effective
wave action at depths of 20 m or more. Deposition at shelf depths is suggested by the coarse texture of
the sediment, the general lack of mudstone or shale interbeds, the presence of extensive large-scale cross-
stratification, the bipolar paleocurrents indicating a strong tidal influence, and the locally abundant fossils
of shallow-water molluscs, echinoids, barnacles, and other invertebrates.

The provenance of the Santa Margarita Sandstone has not been studied in detail. Analysis of 11
samples by Brabb (1960, p.72) shows that the modal mineralogy of the sandstone varies from 92% quartz
to 90% plagioclase; thus, the Santa Margarita ranges from a quartz arenite to a feldspathic arenite.
Clasts in the conglomerates include a wide variety of lithologies that suggest several different clastic
sources, including Salinian and Franciscan basement rocks and older Tertiary sedimentary and volcanic
rocks (Clark, 1981; Stanley, 1982).

The northeastern end of the Santa Margarita tidal seaway has apparently been truncated by 226 km
of right-lateral strike-slip displacement along the San Andreas fault. Phillips (1983) believes that the
missing fragment of seaway is represented on the east side of the fault by the Polonio Sandstone of
northwestern Kern County.

The Santa Margarita Sandstone and the overlying Santa Cruz Mudstone are similar in lithology and
stratigraphic relationships to the Laird Sandstone and Monterey Shale of the Point Reyes area, about 115
km to 120 km to the northwest of the La Honda basin and on the west side of the San Gregorio-Hosgri
fault (Clark, 1968, 1981; Galloway, 1977). These similarities were cited by Graham and Dickinson (1978b)
as evidence for 115 km to 120 km of right-lateral strike-slip displacement along the fault since late
Miocene time.
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Santa Cruz Mudstone

The Santa Cruz Mudstone consists chiefly of siliceous mudstone and porcelanite with locally
abundant dolomitic and calcitic concretions. The formation was named by Clark (1966), who designated
a type section in Moore Creek canyon and along the sea cliff in the city of Santa Cruz (Figure 6). The
Santa Cruz Mudstone as recognized by Clark includes strata previously assigned to the “Monterey
Formation” of Touring (1959), the unnamed upper unit of the "Monterey Formation” of Cummings and
others (1962), and the upper part of "Formation B” of Brabb (1960).

The Santa Cruz Mudstone is thickest and best exposed along the coast northwest of Santa Cruz, and
it can be traced in outcrop as far north as Pescadero Creek. Still farther north, it is present in the
subsurface beneath much of the San Gregorio and western La Honda quadrangles (Touring, 1959, Plates
11 to 13). Away from the coastal area, the Santa Cruz Mudstone crops out in scattered small erosional
remnants such as those near Riverside Grove and Scotts Valley (see map of Brabb, 1970). These
remnants suggest that the Santa Cruz Mudstone once blanketed most of the central and northern Santa
Cruz Mountains. East of the Felton and Santa Cruz quadrangles, the formation is not exposed in outcrop
but is believed to be present, at least locally, in the subsurface. The Santa Cruz Mudstone probably thins
to the southeast and pinches out in the subsurface somewhere between Santa Cruz and Moss Landing
(Greene and Clark, 1979, p.281).

The stratigraphic relationships of the Santa Cruz Mudstone are complex. Over most of the La
Honda basin, it rests conformably or possibly disconformably on the Santa Margarita Sandstone (Phillips,
1981). Locally, however, the Santa Margarita Sandstone is missing from the tops of old structural and
topographic highs, and in these areas the Santa Cruz Mudstone lies nonconformably on granitic and
metamorphic basement rocks (Clark, 1981) or unconformably on Tertiary strata as old as the Butano
Sandstone and as young as the Monterey Formation (Phillips, 1981, p.50). The Santa Cruz Mudstone is
overlain by the Purisima Formation. This upper contact is reportedly conformable in the La Honda
quadrangle (Cummings and others, 1962) but it is an angular unconformity over most of the rest of the La
Honda basin (Beaulieu, 1970).

Along the coast, the Santa Cruz Mudstone is at least 2700 m thick in the Texaco Poletti #1 well
near Davenport, and at least 2400 m thick in the Texaco Steele #1 well near Pescadero (Clark and Brabb,
1978). In its type section, the formation is only 140 m thick (Clark, 1966, 1981) but stratigraphic and
sedimentologic relationships suggest that at least 500 m of the Santa Cruz Mudstone were removed from
the type section by erosion prior to deposition of the overlying Purisima Formation (Stuart and others,
1982). The Santa Cruz Mudstone is only about 60 m to 70 m thick in the Scotts Valley and Boulder
Creek areas (Appendix 3), but much of the upper part of the formation in these areas may have been
stripped off by pre-Purisima erosion.

The Santa Cruz Mudstone is sparsely fossiliferous and most of the formation is not well dated. The
stratigraphic position of this formation between two well-dated upper Miocene units--the underlying Santa
Margarita Sandstone and the overlying Purisima Formation—establishes the age of the Santa Cruz
Mudstone as late Miocene. An assemblage of benthic foraminifers of the Delmontian Stage was found in
the type section by Clark (1981). A diatom flora collected from a concretion in the type section just
below the unconformable contact with the Purisima Formation is indicative of the upper Miocene North
Pacific Diatom Zone XIa (R.M. Stuart, personal communication, 1980). These data suggest that the Santa
Cruz Mudstone was deposited between 9 m.y. and 7 m.y. ago.

The sedimentology of the Santa Cruz Mudstone has not been studied in detail. The available
literature and my own limited field observations indicate that the unit consists chiefly of thin to thick
bedded siliceous mudstone and porcelanite. Both the mudstone and porcelanite are brown to dark brown
in color, and rich in organic matter. Some beds are laminated, while others are massive and bioturbated.
Glauconite is scattered throughout the formation (Clark, 1981) but no phosphatic nodules or laminae have
been reported. Megafossils are rare, but a few ophiuroids, molluscs, and echinoids are reported by Clark
(1981). Diatoms, sponge spicules, and fish fragments are common to abundant; locally, diatoms constitute
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as much as 70% of the mudstone (Clark, 1981). Limited x-ray diffraction data from the type section show
that most of the silica in the siliceous mudstones and porcelanites is opal-CT, but some is quartz. The
opal-CT was probably derived from the diagenetic alteration and redistribution of silica from diatoms and
sponge spicules (Clark, 1981). Some of the quartz may also be of diagenetic origin, but thin-sections show
that much of the quartz occurs as detrital grains of silt.

The fine texture of the sediment suggests that the Santa Cruz Mudstone was deposited in quiet,
deeper-water environments. Benthic foraminifers are rare in this formation, but a small assemblage from
the type section suggests deposition at upper bathyal depths (Appendix 1). Clark (1966, 1981) believes
that the Santa Cruz Mudstone was deposited at outer shelf depths, based on the occurrence of shallower-
water benthic foraminifers and molluscs, but these fossils may have been transported into deeper water
and redeposited.

The dark color, high organic content, common occurrence of laminations and glauconite, and
scarcity of benthic fossils suggest that much of the Santa Cruz Mudstone was deposited in low-oxygen
conditions. However, the bioturbated intervals probably formed in well-oxygenated environments that
supported an active sediment-churning benthic megafauna. The occurrence of both laminated and
bioturbated intervals suggests that there were fluctuations in the amount of dissolved oxygen in the
bottom waters during deposition of the Santa Cruz Mudstone. However, the causes of these fluctuations
are unknown.

The unusually high proportion of diatom tests in the Santa Cruz Mudstone indicates that rates of
biogenic sedimentation were high relative to rates of terrigenous sedimentation. The absolute rates of
diatom productivity may have been unusually high due to coastal upwelling and the resulting high
fertility of surface waters; such an explanation has been proposed to explain the origin of other,
lithologically similar siliceous mudrocks in the Miocene record of California (for examples, see Garrison,
1981; Pisciotto and Garrison, 1981). In addition, the supply of terrigenous sediment to the area may have
been drastically reduced as local topographic highs that previously served as clastic sediment sources were
submerged by the rapidly transgressing late Miocene sea. This interpretation is supported by the wide
geographic distribution of the Santa Cruz Mudstone--including the presence of erosional remnants on the
top of Ben Lomond Mountain--which suggests that the entire area of the central Santa Cruz Mountains
was underwater during the late Miocene.

Together, the Santa Margarita Sandstone and Santa Cruz Mudstone record an extensive marine
transgression during middle to late Miocene time. This transgression occurred immediately after an
episode of deformation, uplift, and erosion; this deformation must have occurred during the middle
Miocene, because the angular unconformity at the base of the Santa Margarita Sandstone truncates tilted
strata of the Luisian Monterey Formation (Clark, 1966, 1981).

The initial stage of the middle to late Miocene transgression may have occurred at the same time as
a eustatic rise in sea level (Phillips, 1981, p.47-48) but several observations suggest that the major cause
of the transgression was rapid tectonic subsidence. Movement along the Ben Lomond fault resulted in
differential subsidence and local thickening of the Santa Margarita Sandstone in the Felton-Santa Cruz
area (Phillips, 1983; Stanley and McCaffrey, 1983). Profound and rapid subsidence occurred on the
southwestern flank of Ben Lomond Mountain, where more than 2700 m of the Santa Cruz Mudstone were
deposited in less than 5 m.y. Rapid subsidence, syn-sedimentary faulting, and marine transgression also
occurred at about the same time in several other sedimentary basins in central and southern California.
This episode of basin expansion may have been caused by regional extension associated with a change in
relative motion between the Pacific and North American plates about 10 m.y. ago (Blake and others,
1978). Alternatively, the regional extension and basin formation may have occurred as the locus of
strike-slip motion between the Pacific and North American plates shifted landward during the Miocene
from offshore faults to the San Andreas and other onshore faults (Graham, 1978).
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UPPER MIOCENE TO PLIOCENE SEQUENCE
Purissma Formation

The Purisima Formation embraces a wide variety of lithologies including quartzofeldspathic and
volcanic sandstones, organic and terrigenous mudrocks, and conglomerate. The formation was named by
Haehl and Arnold (1904) for exposures along Purisima Creek in the Half Moon Bay quadrangle (Figure 6).

Geographically, outcrops of the Purisima Formation are more widely distributed in the Santa Cruz
Mountains than any other Tertiary formation. In the northern Santa Cruz Mountains, the Purisima is
exposed in a roughly triangular area with apices at Half Moon Bay, Pescadero, and Portola State Park
(Cummings and others, 1962; Beaulieu, 1970; see also the geologic map of Brabb, 1970). Also in this area,
the formation has yielded modest amounts of petroleum from laterally discontinuous sandstones and
fractured mudrocks in the Half Moon Bay and La Honda fields (Table 1; Figure 5). A second large area of
Purisima exposures occurs in the central and southern Santa Cruz Mountains east of Ben Lomond
Mountain and southwest of the San Andreas fault (see geologic map of Clark and Rietman, 1973). The
Purisima is also well-exposed along the coast in the An o Nuevo and Santa Cruz-Capitola areas (Clark,
1981). Geophysical evidence and dredge hauls show that the Purisima is thick and widely distributed in
the Monterey Bay and Santa Cruz-San Mateo county offshore areas (Greene, 1977; Greene and Clark,
1979; Nagel and Mullins, 1983).

The stratigraphic relations of the Purisima Formation are complex. Over most of the region, the
lower contact of the formation is an unconformity, end the Purisima rests in angular discordance on rocks
as old as the granitic-metamorphic basement and as young as the Santa Cruz Mudstone. In many places,
this unconformity is immediately overlain by a glauconitic sandstone or conglomerate; excellent exposures
of the basal glauconitic horizon occur along the seacliff in the city of Santa Cruz (Clark, 1966, 1981) and
along Pescadero Creek south of Portola Redwoods State Park. However, in a few places the Purisima
Formation is believed to rest concordantly and perhaps conformably on the Santa Cruz Mudstone, for
example along Pescadero Creek near San Mateo County Memorial Park (Cummings and others, 1962,
p.200).

Over most of the Santa Cruz Mountains the top of the Purisima Formation is eroded or
unconformably overlain by Quaternary marine terrace, fluvial, and landslide deposits. In the Aptos-
Watsonville area, the Purisima is overlain by the Aromas Sand; this contact appears to be conformable
and gradational along the sea cliff (R.M. Stuart, personal communication, 1979) but locally may be
unconformable (Greene and Clark, 1979). ’

The thickness of the Purisima Formation shows significant lateral variations (Appendix 3). In the
Santa Cruz--Capitola area, the ”true” stratigraphic thickness of the formation is about 300 m to 350 m,
but over most of the rest of the La Honda basin the top of the formation is eroded and only minimum
estimates of thickness can be made. The Purisima Formation is more than 670 m thick in the Monterey
Bay offshore (Greene and Clark, 1979), at least 800 m thick in the Laurel quadrangle, and about 1700 m
thick in the La Honda quadrangle. These large lateral variations in thickness suggest differential
subsidence and at least mild tectonic deformation of the La Honda basin area during deposition of the
Purisima Formation. In the Half Moon Bay area, the formation mey be 2400 m or more thick, but this
estimate is based on limited well control and may include strata more properly assigned to the Santa Cruz

Mudstone.

The Purisima Formation ranges in age from late Miocene to late Pliocene, as indicated by
radiometric, paleontologic, and paleomagnetic evidence. A potassium-argon date of 6.7 + 0.6 m.y. was
obtained from glauconite at the base of the formation in the city of Santa Cruz (Clark, 1981) but this
date appears to be about 0.5 m.y. too old compared to the paleontologic and paleomagnetic evidence
(R.M. Stuart, personal communication, 1982). Diatom floras collected from the lower part of the Purisima
at various localities in the Santa Cruz and Point Afi o Nuevo areas are correlative with the upper Miocene
and lower Pliocene North Pacific Diatom Zones X and IX (Addicott and others, 1978; Clark, 1981). A
rich molluscan fauna of Pliocene age has been described from the Capitola area by Addicott and others
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(1978), and vertebrate fossils from the same area suggest a late Hemphillian or Blancan mammalian age
(Clark, 1981). Abundant Pliocene megafossils and rare Pliocene microfossils have also been found in the
northern part of the La Honda basin in the Half Moon Bay, Woodside, San Gregorio, and La Honda
quadrangles (Goodwin and Thompson, 1954; Bandy, 1955; Touring, 1959; Cummings and others, 1962). A
water-lain rhyolitic tuff in the lower part of the Purisima Formation (Tahana unit of Cummings and
others, 1962) exposed at San Gregorio beach is correlative with the 3.3 m.y. old Nomlaki Tuff of northern
California, based on tephrochronological studies by A.M. Sarna-Wojcicki of the U.S. Geological Survey
(Nilsen and Brabb, 1979, p.54). Magnetic polarity zonation of the coastal outcrops in the Santa Cruz-
Capitola area shows that the Purisima and overlying Aromas formations contain a nearly complete
sequence of magnetozones extending from uppermost Epoch 6 into the Matuyama Epoch (Stuart and
others, 1982). Taken as a whole, the above data show that deposition of the Purisima Formation began
about 6.1 m.y. to 6.2 m.y. ago during the late Miocene and continued through much of the Pliocene
(Stuart and others, 1982).

The lithology of the Purisima Formation varies significantly both laterally and vertically, and as a
result the internal stratigraphy and sedimentology of the formation are unresolved and controversial. In
the northern Santa Cruz Mountains the Purisima Formation has been divided into five units, the Tahana,
Pomponio, San Gregorio, Lobitos, and Tunitas units (Touring, 1959; Cummings and others, 1962). These
units are composed chiefly of sandstone, mudstone, conglomerate, and tuff that were deposited in marine
environments at bathyal to shelf depths (Goodwin and Thompson, 1954; Bandy, 1955; Cummings and
others, 1962). The sedimentology of the Purisima Formation in this northern area has not been studied in
detail except for a small area near Moss Beach where coarse sandstones and conglomerates were deposited
on a wave-modified fan delta (Wiley and Moore, 1983).

In the Santa Cruz-Capitola area, the Purisima Formation has been investigated in detail by Clark
(1981) and Stuart and others (1982). The lower part of the formation consists of a thin basal glauconitic
sandstone overlain by 20 m to 30 m of laminated to intensely burrowed diatomaceous mudstone. The
diatom-rich muds were probably deposited in quiet, deep water, possibly at middle bathyal depths
(Greene and Clark, 1979, p.293). This lower part of the formation records a rapid marine transgression
following uplift and erosion of at least 500 m of the underlying Santa Cruz Mudstone (Stuart and others,
1982).

The diatomaceous mudstone grades upward into a sequence of bioturbated and cross-laminated
fossiliferous sandstones that were deposited in a variety of shallow-marine environments including storm-
dominated shelves, protected embayments, high-energy shorelines, and possibly deltas (Addicott and
others, 1978; Greene and Clark, 1979; Stuart and others, 1982). These sandstones constitute the upper
nine-tenths of the thickness of the Purisima Formation and record progressive shallowing of water depths
during Pliocene time. A disconformity marked by a distinctive phosphatic pebble bed indicates an abrupt
change from storm-dominated to tide-dominated shelf sedimentation about 3.5 m.y. to 4.0 m.y. ago
(Stuart and others, 1982). The cause of this sudden restructuring of the depositional basin is not known
but may have been related to tectonic activity associated with movement along local faults such as the
San Gregorio-Ilosgri or Monterey Bay fault zone (R.M. Stuart, personal communications, 1981, 1982).

Clastic sediments in the Purisima Formation were derived from several different sources.
Compositionally, the sandstones fall roughly into two groups, quartzofeldspathic and volcanic. The
quartzofeldspathic sandstones probably were derived by erosion of granitic rocks and older Tertiary
feldspathic sandstones from local topographic highs such as Ben Lomond Mountain. The volcanic
sandstones include rhyolitic tuffs and andesitic "blue” sandstones that probably were derived from
volcanos in the Sierra Nevada, the Cascades, and possibly the Coast Ranges (Lerbekmo, 1957; Cummings
and others, 1962). Boulder conglomerates at Moss Beach were derived from nearby outcrops of granitic
basement in the Montara Mountain area (Wiley and Moore, 1983). Other conglomerates in the Santa
Cruz-Capitola area contain granitic and metamorphic clasts that probably were eroded from the Ben
Lomond Mountain basement massif, and clasts of sandstone and mudstone eroded from older Tertiary
formations (R.M. Stuart, personal communication, 1981). No clasts of obvious Franciscan provenance
have been reported from conglomerates in the Santa Cruz-Capitola area (R.M. Stuart, personal
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communication, 1981).

In summary, deposition of the Purisima Formation in the La Honda basin began after a major
episode of regional deformation, uplift, and erosion during the late Miocene about 6 m.y. to 8 m.y. ago
(Stuart and others, 1982). The Purisima records a rapid marine transgression during the late Miocene
followed by a general regression and basin-filing during the Pliocene. The regression culminated in major
regional uplift of the modern Santa Cruz Mountains during the late Pliocene and Quaternary. Clastic
sediments were derived from granitic-metamorphic basement and older sedimentary rocks eroded from
local topographic highs, and from distant rhyolitic and andesitic volcanos elsewhere in central and
northern California. Deposition of the Purisima Formation took place in a tectonically active basin, as
suggested by large lateral variations in thickness, rapid lateral and vertical variations in sedimentary
facies, the presence of at least one major internal disconformity, and the occurrence—at least in the Santa
Cruz-Capitola area—of sedimentary structures indicative of liquefaction during syn-sedimentary
earthquakes (RM. Stuart, personal communication, 1981). I believe that the most likely cause of this
tectonic activity was right-lateral movement and wrenching along major strike-slip faults in the area,
including the San Andreas, San Gregorio-Hosgri, and possibly the Monterey Bay fault zone.

LOWER TO MIDDLE TERTIARY STRATA
OF THE NORTHERN GABILAN RANGE

Introduction

Sedimentary and volcanic rocks of Eocene to lower Miocene age are exposed in the northern Gabilan
Range near San Juan Bautista, about 15 km southwest of Watsonville (Figure 12). These rocks are
thought to represent the extreme southern end of the La Honda basin (Loel and Corey, 1932; Addicott,
1968; Clark and Rietman, 1973). Geophysical studies by Clark and Rietman (1973) show that the lower
to middle Tertiary strata of the northern Gabilan Range are probably continuous in the subsurface with
strata of similar age in the central and northern Santa Cruz Mountains. However, correlation of
individual formations in the two areas is not straightforward. The lack of continuity of surface exposures,
the limited well control, and probable lateral facies changes between the two areas have resulted in
separate rock-stratigraphic nomenclatures (Clark and Rietman, 1973). The geologic histories of the two
areas are similar in general but not in some details, as discussed below.

The lower to middle Tertiary section in the northern Gabilans is more than 2500 m thick, and is
bounded on the northeast by the San Andreas fault and on the south and southwest by the Zayante-
Vergeles fault. Eocene rocks at the base of the Tertiary section rest nonconformably on gabbro that has
yielded a potassium-argon radiometric age of 156 + 8 m.y. (Ross, 1970; Nilsen, 1984).

Owing to poor exposure and limited paleontologic control, the stratigraphy and structure of the
Tertiary rocks in the northern Gabilans are unclear and controversial. At least nine different geologic
maps of all or part of the area are available, including ones by Kerr and Schenck (1925), Allen (19486),
Taliaferro (1948), McCroden (1949), Castro (1967), Walrond and others (1967), Clark and Rietman
(1973), Dibblee and Rogers (1975), and Dibblee and others (1979). Some of these maps offer generally
similar interpretations of stratigraphy and structure, but some are radically different; compare, for
example, the map of Allen (1946) with that of Dibblee and others (1979). The stratigraphic scheme shown
in Figure 12 and used below is generalized and slightly modified from that of Clark and Rietman (1973).

San Juan Bautista Formation
The San Juan Bautista Formation consists mainly of sandstone, siltstone, and shale, with minor

amounts of conglomerate. The formation is 550 m to more than 1500 m thick, rests nonconformably on
Jurassic gabbro, and is overlain by the Pinecate Formation (Clark and Rietman, 1973; Nilsen, 1984).
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The San Juan Bautista Formation is mainly of Eocene age, based on the occurrence in outcrop
samples of assemblages of benthic foraminifers of the Penutian, Ulatisian, Narizian, and Refugian stages
(Waters, 1968; Nilsen, 1984), planktic foraminifers of the lower to middle Eocene P10 to P11 Zones (R. Z.
Poore, 1975, unpublished data), and molluscs of the Refugian Stage (Schenck and Kleinpell, 1936; Allen,
1946; Addicott, 1968). Part of the formation may be of early Oligocene age, for McCroden (1949) reports
the occurrence of the molluscan species Spisula albaria (Conrad) and Tellina tenulineata Clark, which have
their lowest stratigraphic occurrence in Addicott’s (1972) unnamed Oligocene stage (Figure 9).

The Occidental Bingaman #1 well (Monterey County, San Juan Bautista quadrangle, Sec. 34-125-
3E) penetrated strata yielding assemblages of Narizian and Refugian or lower Zemorrian benthic
foraminifers in the drilled interval from 3503 feet to total depth at 7130 feet. Available electric logs,
mudlogs, and dipmeter results suggest that this interval has a ”true” stratigraphic thickness of about 850
m and consists of interbedded mudrocks and fine to coarse-grained and pebbly feldspathic sandstone.
This interval is tentatively correlated with the San Juan Bautista Formation of outcrop sections based on
its age, lithology, and stratigraphic position beneath a thick sequence of redbeds and shallow-marine
sandstones. The well apparently bottomed in siltstone and shale without reaching the base of the San
Juan Bautista Formation.

The stratigraphy and sedimentology of the San Juan Bautista Formation have been studied most
recently by Nilsen (1984). The lower part of the formation, about 335 m thick, consists of a basal
conglomerate about 15 m thick overlain by shale and siltstone with interbedded sandstone turbidites of
facies D of Mutti and Ricci Lucchi (1972). Assemblages of benthic foraminifers from these rocks indicate
deposition at lower middle bathyal to lower bathyal depths (Appendix 2). The facies D turbidites are
laterally extensive and are not arranged in thickening- or thinning-upward sequences, suggesting that they
were deposited on a basin plain (Nilsen, 1984). The mineralogy of the sandstones suggests a granitic
provenance, and limited paleocurrent data indicate sediment transport from east to west with a vector
mean of 272° (Nilsen, 1984).

The rest of the San Juan Bautista Formation reportedly consists of fossiliferous, bioturbated and
cross-stratified sandstone, and poorly exposed siltstone and shale. These rocks are believed by Nilsen
(1984) to represent deposition in shallow-marine environments.

Pinecate Formation

The Pinecate Formation consists of bioturbated and cross-laminated sandstone with interbeds of
pebble to boulder conglomerate. The formation ranges from 200 m to more than 335 m thick (Clark and
Rietman, 1973). The Pinecate Formation overlies the San Juan Bautista Formation; the contact is not
clearly exposed but may be a disconformity (Kerr and Schenck, 1925; Castro, 1967). The Pinecate
Formation is overlain by and laterally interfingers with a thick sequence of redbeds, described below.

The Pinecate Formation is sparsely fossiliferous, but reportedly contains a few ”Vaqueros”
molluscan fossils (McCroden, 1949). The Pinecate is assigned a Zemorrian age by Clark and Rietman
(1973) and by Nilsen (1984), but these authors do not discuss the specific evidence for this age assignment.

The sedimentology of the Pinecate Formation has not been studied in detail, but the available
literature and my own limited field observations suggest that it probably was deposited in shallow marine
environments. The major categories of rocks in the Pinecate Formation are: (1) bioturbated sandstones;
(2) plane-laminated to cross-laminated sandstones; and (3) pebble to boulder conglomerates. The
sandstones range from fine to coarse grained, are commonly well-sorted, and in places contain shallow
marine fossils including barnacles, bivalves and scaphopods. No paleocurrent studies have been done, but
the cross-stratification in most outcrops is bi-directional, suggesting deposition by wave- or tidally-
generated currents. The conglomerates generally are clast-supported, imbricated, consist mainly of well-
rounded granitic and metamorphic rocks, and occur in laterally persistent beds; these are tentatively
interpreted as storm or surf-zone deposits.
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Redbeds

The Pinecate Formation is overlain by and interfingers laterally with a sequence of red sandstones,
conglomerates, and mudrocks. The redbeds as yet have no formal status as a formation, but they have
been given a number of informal names. Clark and Rietman (1973) and Nilsen (1984) refer to them as the
"Red beds of Kerr and Schenck (1925).” The redbeds have also been mapped as part of the "Vaqueros
group” by Allen (1946) and Bowen and Gray (1959); as part of the Vaqueros Formation by Castro (1967);
and as the Zayante Sandstone by Dibblee and others (1979). The redbeds in the northern Gabilans,
however, are not continuous in outcrop and are not known to be continuous in the subsurface with the
Zayante Sandstone in its type area, about 45 km to the northwest.

The redbeds apparently are of late Oligocene to early Miocene age, based on the interfingering of
the redbeds with the underlying Pinecate Formation of Zemorrian (?) age (Nilsen, 1984) and with the
overlying volcanics of early Miocene age.

The thickness of the redbeds, according to Clark and Rietman (1973) is about 365 m. However, my
tentative interpretations of electric logs, mudlogs, and dipmeter results from the Occidental Bingaman #1
well indicate that the redbeds are at least 725 m thick.

The sedimentology of the redbeds has not been studied in detail, but the available literature and my
own limited field observations suggest that they were deposited in nonmarine environments, perhaps on an
alluvial fan (Cloos and Apted, 1979, p. 121). The redbeds are poorly exposed, but seem to consist mainly
of: (1) clast-supported, pebble to boulder conglomerates that resemble facies Gm of Miall (1977, 1978); (2)
red, poorly-sorted, coarse sandstones that range from apparently massive to cross-stratified; and (3) red,
laminated to bioturbated mudrocks that locally contain white calcitic nodules of possible pedogenic origin.
In some outcrops along San Juan Grade, conglomerate, sandstone, and mudrocks are arranged in well-
defined fining-upward sequences.

Some of the conglomerate beds are extremely coarse-grained and contain clasts up to 180 cm in
diameter (McCroden, 1949), suggesting a nearby sediment source area. Limited paleocurrent data
obtained by me from pebble and cobble imbrication in outcrops along San Juan Grade suggest that
sediment transport was generally to the northeast and east. The conglomerates are composed mainly of
granitic and metamorphic rocks that most likely were derived from a Salinian source terrane (Cloos and
Apted, 1979). Conglomerates exposed along San Juan Grade contain abundant clasts of banded marble
that are nearly identical to marble exposed in Salinian metamorphic roof pendants in the nearby Fremont
Peak area, about 5 km to the southeast on the other side of the Zayante-Vergeles fault. If the marble
clasts in the redbeds were in fact derived from the Fremont Peak area, as seems likely, then right-lateral
strike-slip movement along the Zayante-Vergeles fault since late Oligocene or early Miocene time has been
small, and probably less than 10 km.

Volcanic Rocks

The redbeds are overlain by and partly laterally equivalent to a sequence of poorly-exposed volcanic
rocks. The volcanics are mainly andesitic and dacitic lavas, tuffs, and breccias, but minor basalt and
rhyolite also occur (McCroden, 1949; Castro, 1967; Clark and Rietman, 1973). The volcanics are of early
Miocene age, based on a single potassium-argon radiometric date of 21.6 + 0.7 m.y. obtained by D.L.
Turner and reported by Clark and Rietman (1973). The volcanics are about 300-425 m thick (Clark and
Rietman, 1973) and reportedly thin to the northeast, away from the Zayante-Vergeles fault (Allen, 1946;
Castro, 1967). The main volcanic vents evidently were near the Zayante-Vergeles fault, although other
smaller vents may have existed farther to the north (McCroden, 1949).
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Summary and Comparison with the Santa Cruz Mountains

The early to middle Tertiary histories of the Santa Cruz Mountains and northern Gabilan Range are
similar in general but differ in some details.

Eocene deep-sea siliciclastic sedimentation is recorded in the northern Gabilans by the basin-plain
deposits of the lower San Juan Bautista Formation, and in the Santa Cruz Mountains by the submarine
fan and basin-plain deposits of the Butano Sandstone, Twobar Shale, and Rices Mudstone (Figure 12).
The details of the paleogeographic relationship between the Butano submarine fan and the San Juan
Bautista basin-plain are unclear, but one possible interpretation, proposed by Nilsen and Clarke, is shown
in Figure 2. Sediments deposited on the Butano fan were derived from a Salinian granitic source to the
south (Nilsen and Simoni, 1973), but turbidite sandstones on the San Juan Bautista basin-plain were
apparently derived from a granitic source to the east (Nilsen, 1984)--possibly the Sierra Nevada or
Mojave, according to the reconstruction in Figure 2.

The upper part of the San Juan Bautista Formation includes shallow-marine sandstones that are
poorly dated but probably of Refugian to early Zemorrian age. In the Santa Cruz Mountains, strata of
Refugian to early Zemorrian age include the Rices Mudstone and the Castle Rock unit of the Vaqueros
Sandstone, which were deposited at lower middle bathyal to lower bathyal depths in basin-plain and
submarine fan settings. These interpretations of age and depositional environments, if correct, suggest
that during the late Eocene and early Oligocene the La Honda basin deepened to the northwest from a
shallow-marine shelf in the San Juan Bautista area.

The unusually long interval of time represented by the San Juan Bautista Formation--perhaps 15-20
m.y., based on the paleontological evidence presented earlier--coupled with the occurrence of both basin-
plain and shallow-marine deposits within the formation, suggest that there are one or more disconformities
within the San Juan Bautista Formation that have not yet been identified. Recognition of these
disconformities and their ages may help clarify the correlation of the San Juan Bautista Formation with
coeval strata and disconformities in the Santa Cruz Mountains.

A major middle Oligocene regression is recorded in the Santa Cruz Mountains by the nonmarine,
shallow-marine, and submarine fan deposits of the Zayante and Vaqueros sandstones, and also by a major
unconformity within the Vaqueros that represents a minimum of 2000 m of shoaling due mainly to
tectonic uplift. An Oligocene regression is also recorded in the northern Gabilan Range by the shallow-
marine Pinecate Formation and the overlying nonmarine redbeds. Speculatively, the inferred
disconformity at the base of the Pinecate Formation (Kerr and Schenck, 1925; Castro, 1967) may be
correlative with the middle Oligocene unconformity in the Santa Cruz Mountains. The Oligocene
regressions in both the Santa Cruz Mountains and northern Gabilan Range may have been associated with
movement along the Zayante-Vergeles fault (Clark and Rietman, 1973).

Volcanism occurred in both the Santa Cruz Mountains and the northern Gabilan Range at about the
same time, near the Oligocene-Miocene boundary. In the northern Gabilans, dacitic and andesitic
volcanics were erupted about 21-22 m.y. ago from vents that apparently were associated with the
Zayante-Vergeles fault. In the Santa Cruz Mountains, basaltic volcanics were erupted about 20-25 m.y.
ago from minor vents along the Zayante-Vergeles and La Honda faults, and from major vents associated
with a pull-apart in the Mindego Hill area.

An early Miocene marine transgression is recorded in the Santa Cruz Mountains by the gradual
transition from the shallow-marine Laurel unit of the Vaqueros Sandstone upward into the overlying
deeper-water slope deposits of the Lambert Shale. Whether a corresponding marine transgression also
took place in the northern Gabilan Range is unknown, because rocks younger than the dacitic and
andesitic volcanics and older than the upper Miocene(?) Purisima Formation are not preserved.
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PALEOGEOGRAPHY, GEOLOGIC HISTORY,
AND PALEOTECTONICS

Introduction

The preceding discussions of stratigraphy, sedimentation, structure, and paleoecology are
summarized and evaluated below in terms of the paleogeographic and paleotectonic evolution of the La
Honda Basin.

Table 4 summarizes my interpretations of the depositional systems represented by the Tertiary rock
units of the central La Honda basin.

The maps in Figure 66 are reconstructions of paleobathymetry and paleogeography for 10 intervals
of geologic time from Paleocene to middle Miocene. These maps are highly interpretive but were
prepared using the methods outlined earlier in this report and the paleobathymetric data in Appendix 1.
The time intervals are based on benthic foraminiferal stages and therefore are variable in length, ranging
from about 2-3 m.y. for the Refugian to 8-10 m.y. for the late Zemorrian (Figure 9). Each
paleobathymetric map probably represents an ”average” paleogeography over a finite interval of geologic
time, rather than a ”snapshot” of an instant in time. I made no attempt to palinspastically restore the
effects of crustal shortening or strike-slip faulting within the basin, because for the most part the amounts
of these deformations are unknown.

Paleogeography and Geologic History

Paleocene

The oldest sedimentary unit in the area, the Ynezian Locatelli Formation, rests nonconformably on
granitic basement. Because this unit is poorly exposed and has not been studied from a sedimentological
point of view, little is known about the origin and earliest history of the La Honda basin. Figure 66A is a
highly speculative interpretation of paleobathymetry and paleogeography during the Paleocene. It is
based on available paleontological data and reconnaissance field work discussed earlier m this report in the
section on the Locatelli Formation.

I infer that the Locatelli Formation was deposited on a north- to northeast-dipping paleoslope along
the southern margin of a very deep and steep-sided marine basin. Depositional environments on this
paleoslope ranged from a shallow-marine shelf at the southern end of what is now Ben Lomond Mountain,
to a lower bathyal slope or submarine fan at the northern end of the mountain. The location and
orientation of the Paleocene shorelme are unknown, but it probably was located near the southern end of
Ben Lomond Mountain. The main source of sediment for the feldspathic sandstones of the Locatelli
Formation probably was a granitic terrain to the south, perhaps the southern tip of Ben Lomond
Mountain or an area that is now submerged beneath Monterey Bay.

The Paleocene basin must have continued northward across the Zayante-Vergeles fault, but the
Locatelli Formation has not been found north of that fault. It is not known whether the Ben Lomond and
La Honda blocks were in their present relative positions (Figure 12) during the Paleocene. Future deep
drilling on the La Honda block should help clarify the Paleocene paleogeography of the area and the early
history of the Zayante-Vergeles fault.

The tentative interpretation of Paleocene paleogeography shown in Figure 66A is consistent with the
hypothesis of Nilsen and Yount (1981) that the La Honda basin was just one of several small steep-sided
basins that formed on the Salinian block as a result of major tectonic activity during the early Tertiary.
Other Paleocene basins in the area are represented by the Carmelo Formation of Point Lobos and by
unnamed turbidites at Point San Pedro, northwest of Montara Mountain. Speculatively, these three
Paleocene basins were separated from each other by uplifted ridges of granitic basement. The tectonic
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Figure 66. Maps of the paleobathymetry of the La Honda basin for 10 time
intervals, based on data in Appendix 1 and methods described in the text.
Time intervals and corresponding rock units are as follows: A, Ynezian
Locatelli Formation. B, Ulatisian and Narizian Butano Sandstone. C, Narizian
Twobar Shale. D, Refugian Rices Mudstone. E, early Zemorrian Rices Mudstone.
F, early Zemorrian Vaqueros Sandstone and Lambert Shale. G, late Zemorrian
Vagueros Sandstone, Zayante Sandstone, Mindego Basalt, and Lambert Shale. H,
Saucesian Vagqueros Sandstone, Mindego Basalt, and Lambert Shale. I, Relizian
Lompico Sandstone and Monterey Formation. J, Luisian Monterey Formation.
Faults are labeled as follows: BF = Butano fault, BLF = Ben Lomond fault, LHF
= La Honda fault, PF = Pilarcitos fault, SAF = San Andreas fault, SGHF = San
Gregorio—Hosgri fault, ZVF = Zayante-Vergeles fault.
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origin of these small basins and intervening granitic islands or peninsulas is unknown. Several hypotheses
are listed by Nilsen and Yount, including: (1) origin during an episode of rifting of the Salinian block
away from an as-yet unidentified continental margin; (2) origin during a period in which subduction
changed from normal to oblique; and (3) origin during an episode of right-slip and wrenching along a
hypothetical proto-San Andreas fault or fault system. The latter hypothesis is consistent with plate-
motion studies which suggest that oblique subduction and movement along a proto-San Andreas fault
occurred along the California coast during the early Tertiary about 60(?)-42 m.y. ago (Carlson, 1982).

Uplift and erosion during the late Paleocene are recorded by the inferred unconformity between the
Locatelli Formation and the overlying lower to middle Eocene Butano Sandstone (Clark, 1968). Uplift
and erosion occurred at about the same time in the Salinas basin, suggesting a major regional tectonic
event (Graham, 1976). The nature of this event is unknown, but it may have been related to: (1) an
episode of wrench tectonism along the proto-San Andreas fault or fault system; (2) a major reorganization
of plate motions in the Pacific basin about 55-56 m.y. ago (Carlson, 1982; Engebretson, 1982); or (3) the
collision of the Salinian block with central California (J. G. Vedder and others, unpublished report, 1981).

Early to Middle Eocene

Subsidence and marine sedimentation resumed during the early Eocene with deposition of the
Butano Sandstone on a submarine fan (Nilsen, 1979). The paleobathymetric map in Figure 66B suggests
that during the Ulatisan and early Narizian the Butano fan accumulated mainly at lower middle bathyal
to abyssal depths on a surface that sloped generally to the north and northeast. Paleocurrents and other
sedimentological data presented by Nilsen and Simoni (1973) also indicate a north- to northeast-dipping
paleoslope. Comparison of the map in Figure 66B with a map of Butano fan facies (Figure 13 of Nilsen,
1979) suggests that the inner-fan deposits accumulated at water depths shallower than 2000 m, the
middle-fan deposits at depths of about 2000 m, and the outer-fan deposits at depths greater than 2000 m.
Similar water depths probably prevailed on the Butano fan during Penutian and possibly Bulitian time,
but no paleobathymetric maps were constructed for these time intervals because of the small number of
available data points (Appendix 1).

The map in Figure 2, based on sedimentological studies by Nilsen and Clarke (1975), provides a
clearer view of regional paleogeography than my paleobathymetric maps. Much as in the Paleocene, the
La Honda basin during the early to middle Eocene was one of several small and very deep basins that
were separated from each other by uplifted ridges of granitic basement. This borderland topography is
thought to have been the result of wrench tectonism along the hypothetical proto-San Andreas fault or
fault system. The Butano fan was deposited in the La Honda basin by northward-flowing turbidity
currents that carried coarse sediment derived from a granitic island or peninsula located in the present
position of Monterey Bay. Some of the turbidity currents spilled across the trace of the modern San
Andreas fault into the San Joaquin basin, which was then contiguous with the La Honda basin. The
shoreline must have been located several km or tens of km southwest of the modern Zayante-Vergeles
fault; however, the exact location and orientation of this shoreline probably will never be known because

Eocene strata have been largely removed from the Monterey Bay area by post-Eocene erosion (Greene,
1977).

Middle to Late Eocene

During the late middle Eocene, deposition of coarse sediment on the Butano submarine fan slowed
considerably and was replaced by hemipelagic deposition of the Twobar Shale. Available
paleobathymetric data (Appendix 1) suggest that during the late Narizian the Twobar Shale was deposited
at lower middle bathyal to abyssal depths on a featureless basin-plan that sloped very gently to the
northeast (Figure 66C). This peaceful deep-sea setting was occasionally disturbed by turbidity currents
carrying sand from a granitic source area located to the southwest. This granitic source was probably the
same island or peninsula that previously supplied sediment to the Butano submarine fan; however, the
relatively small amounts of sandstone in the Twobar Shale suggest that during the late Narizian this
granitic source was no longer being uplifted, and probably was eroded to a lowland or largely submerged.
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The location of the shoreline is unknown, but it probably was located several km or tens of km southwest
of the Zayante-Vergeles fault.

Sedimentological and stratigraphic data discussed earlier in this report suggest that the Twobar
Shale was deposited in a silled anaerobic basin. The hypothetical sill may have been located in the San
Gregorio area, as suggested earlier, but my paleobathymetric data in that area are insufficient to confirm
or deny the existence of a sea-floor topographic high that could have functioned as a sill (Figure 66C).

Late FEocene to Early Oligocene

Hemipelagic deposition of the anoxic Twobar Shale ended abruptly at the Narizian-Refugian
boundary about 39 m.y. ago with an episode of basin-wide erosion and deposition of glauconitic sand.
Hemipelagic sedimentation resumed during the Refugian with deposition of the Rices Mudstone in well-
oxygenated bottom waters. Available paleobathymetric evidence suggests that the Refugian muds
accumulated at lower middle bathyal to lower bathyal depths on a basin-plain that sloped gently to the
north and northwest (Figure 66D). Slight shallowing of the seafloor in the southern part of the basin from
the Narizian to Refugian is suggested by comparison of the paleobathymetric maps (Figures 66C and 66D)
and also by paleobathymetric data from the San Lorenzo River and Kings Creek sections (Figures 19 and
21). The cause of this shallowing is unknown; speculatively, it may have been the result of mild tectonic
uplift and northward tilting of the basin.

A second episode of basin-wide erosion and deposition of glauconitic sand occurred at the Refugian-
Zemorrian boundary about 37 m.y. ago. Shortly thereafter, hemipelagic deposition of the Rices Mudstone
resumed during the early Zemorrian. Abundant paleobathymetric data from this stratigraphic interval
indicate that the early Zemorrian muds accumulated on a basin-plain at water depths of 2000 m or more
(Figure 66E). Feldspathic sand derived from a granitic source to the southwest was deposited as
turbidites and bioturbated sandstones (including the Blooms Creek sandstone) at bathyal depths along the
southwestern margin of the La Honda block.

The influx of sand increased abruptly near the end(?) of the early Zemorrian, and a submarine fan
represented by the Castle Rock unit of the Vaqueros Sandstone prograded from southwest to northeast
out over the basin-plain. Paleobathymetric data from these early Zemorrian fan deposits indicate that the
fan was deposited at lower middle bathyal to lower bathyal depths on a surface that sloped to the north
and portheast (Figure 66F). The increased supply of sand to the basin probably reflects uplift and erosion
of a granitic source area located southwest of the Zayante-Vergeles fault, and marks the beginning of
marine regression and major changes in the configuration of the La Honda basin during the middle
Oligocene.

The location of the shoreline during the Refugian and early Zemorrian is unknown, but presumably
it was located several km or tens of km southwest of the Zayante-Vergeles fault. The exact location of
this shoreline probably will never be known because Refugian and Zemorrian deposits were removed from
most of the Monterey Bay area prior to deposition of the Relizian Lompico Sandstone and Monterey
Formation (Greene and Clark, 1979).

The San Gregorio and Tarwater Creek highs are recognizable in thickness maps of both the Rices
Mudstone and the Vaqueros Sandstone, and therefore must have persisted at least until the early
Zemorrian. My paleobathymetric data are insufficient to determine whether these inferred structural
highs were also seafloor topographic highs during the Refugian and Zemorrian.

Late Oligocene to Early Miocene

Striking changes in the configuration of the La Honda basin occurred during the Zemorrian,
suggesting that major tectonic events took place. Paleobathymetric data summarized in Figures 66G and
66H indicate that much of the basin remained at bathyal depths during the late Zemorrian and Saucesian,
but that a shallow-water shelf appeared along the southwestern margin of the La Honda block. The
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development of this shelf resulted from a major episode of uplift and erosion that apparently was
associated with movement along the Zayante-Vergeles fault. At least 2000 m of shoaling in this area is
recorded by inferred unconformities in the Twobar Creek and Soquel-Hinckley sections. Uplift and
erosion may also have occurred along the northwestern margin of the basin in the Woodside and Half
Moon Bay quadrangles; in this area, the Twobar Shale and Rices Mudstone apparently were removed by
erosion prior to deposition of the Vaqueros Sandstone unconformably on the Butano Sandstone.

Relatively abundant data permit a more detailed, though admittedly speculative, view of late
Oligocene and early Miocene paleogeography shown in Figure 67. This map summarizes the
interpretations of paleobathymetry, paleocurrents, provenance, and depositional systems presented earlier
in this report. The reconstruction in Figure 67 also assumes that the La Honda and San Joaquin basins
were joined at this time to form a single large inland sea that straddled the San Andreas fault.

The La Honda-San Joaquin sea during the late Oligocene and early Miocene probably was connected
to the Pacific Ocean by a relatively narrow, east-west trending passage in which the deepest water depths
were more than 2000 m. The *mouth” of this passage was roughly in the area of the present towns of San
Gregorio and Pescadero.

The La Honda-San Joaquin sea was bounded on the southwest by an area of uplifted Salinian
granitic and metamorphic rocks. This ”granitic mountainous peninsula® (Figure 67) jutted out
northwestward into the Pacific Ocean and occupied approximately the same position as two present-day
topographic lows, Monterey Bay and the Salinas Valley. Speculatively, the peninsula may have extended
northwestward across the San Gregorio-Hosgri fault; perhaps the northwestern tip of the peninsula was
displaced far to the northwest by post-Saucesian right-lateral movement along the fault, and is now
represented by granitic rocks in the area of Point Reyes and Bodega Head.

A major depocenter developed north of the Zayante-Vergeles fault, where a pile of sand, gravel, and
mud more than a kilometer thick was deposited on a fan-delta and submarine fan complex represented by
the Zayante and Vaqueros Sandstones. The lateral extent of the Vaqueros submarine fan to the northwest
was apparently restricted by the San Gregorio and Star Hill highs, two structural positives that also may
have been topographic highs on the seafloor. Speculatively, turbidity currents flowing down the Vaqueros
submarine fan may have spilled eastward across the San Andreas fault (Figure 67). Thus, a large part of
the Vaqueros fan may have been offset more than 300 km to the southeast by Neogene movement along
the San Andreas fault; however, no such fan fragment has yet been identified in the San Joaquin basin.

At the southeastern end of the La Honda basin in the San Juan Bautista area, another thick pile of
sediment was deposited in shallow-marine and alluvial fan environments represented by the Pinecate
Formation and the overlying redbeds. Still farther to the south sediment shed southwestward from the
granitic mountainous peninsula was deposited on alluvial fans and a nearby shallow-marine shelf
represented by the Berry Conglomerate and the Vaqueros(?) Formation of the Indians Ranch area
(Graham, 1976, 1978).

The northwestern margin of the La Honda-San Joaquin basin was apparently bounded by an
uplifted area of Salinian granitic rocks located north of Half Moon Bay (Figure 67). Sediments eroded
from this granitic uplift were transported southward into the La Honda-San Joaquin basin to form the
Vaqueros Sandstone of the Woodside area. However, little is known about the depositional systems in this
area, and the position of the shoreline shown in Figure 67 is entirely conjectural.

Volcanism was widespread in the area of Figure 67 during the late Oligocene and early Miocene.
Most of the volcanic activity apparently took place shortly after the major Oligocene marine regression,
for in most places the volcanic rocks overlie the Vaqueros Sandstone and its correlatives. Basaltic
volcanic rocks were extruded from several vents in the central La Honda basin, including an apparent
pull-apart in the Mindego Hill area. In at least two places, the volcanic piles in that pull-apart built up to
form submarine topographic highs that persisted from the late Zemorrian to the Saucesian (Figures 66G
and 66H). The tops and flanks of these and other volcanic piles were colonized by barnacles, molluscs,
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Figure 67. Generalized paleogeography of part of central California during
the late Oligocene and early Miocene (late Zemorrian and Saucesian), assuming
restoration of post-Oligocene, right-lateral offsets of 305-330 km on the San
Andreas fault and 105-160 km on the San Gregorio-Hosgri fault. This map is
highly speculative but is based on interpretations of paleobathymetry,
paleocurrents, depositional systems, and provenance presented earlier in this
report. The ancient southwestern shoreline of the La Honda-San Joaquin basin
is shown at its probable northeasternmost extent at the height of the
Oligocene regression. The general locations of the alluvial fans and
shoreline on the northeastern margin of the Salinas basin are slightly
modified from paleogeographic maps by Graham (1976, 1978). Faults are labeled
as follows: SAF, San Andreas fault; SGHF, San Gregorio-Hosgri fault; ZVF,
Zayante-Vergeles fault. Present-day geographic reference is given by the
modern shoreline in the area between the San Andreas and San Gregorio-Hosgri
faults.



179

18JUSD DIUEDIOA ‘ Heq ~— ——_

uoloesp yodsues W\,\. BUIIBIOYS JUBIOUY AHdVHD03O031vd

juswipes |elsjselis] IN3ID0IN AHVv3

uol3o84p jodsuesy =~3IN3ID09IT0 3IuVv]

JUSWIPSS BULIBWANS \ 8UII8JoYS WIBPOWN ~
JIH
uiseg SBU!ES 2 se °
4 N
1&&0 \ w Gz )
I |

VINSNIN3d S

SOINVYOTOA

Ivs S3TOVNNId

AN N Nvg gngvwens \
~_ .. 0 - o)
uhIoN ~ . —

/Z — . —_

uiseg umbeop ues




180

and other invertebrates whose skeletal remains accumulated to form fossiliferous limestones.

Minor centers of basaltic volcanic activity occurred along the La Honda fault in the Woodside-Half
Moon Bay area, and along the Zayante-Vergeles fault in the Zayante area. Volcanic activity also occurred
at the southern end of the La Honda basin in the San Juan Bautista area, where dacite and andesite were
erupted from vents in nonmarine and possibly shallow-marine settings. Still farther to the southeast,
andesite, dacite, and rhyolite were erupted from vents in the Pinnacles area about 23.5 m.y. ago
(Matthews, 1976; Graham, 1976).

Along the southwestern margin of the La Honda basin near the Zayante-Vergeles fault, a major
marine transgression began at about the same time as the volcanic activity. During the latest Zemorrian
and Saucesian, the shoreline retreated to an unknown position southwest of the Zayante-Vergeles fault
(Figures 66G and 66H). As the marine transgression continued, the shallow-marine shelf sands of the
Laurel unit of the Vaqueros Sandstone were gradually overlapped by the deeper-water slope muds of the
Lambert Shale. The influx of sand from the former ”granitic mountainous peninsula” decreased,
suggesting that uplift of this area slowed or ceased during Saucesian time, and that the mountains were
eroded to low hills or a coastal plain.

The laminated, organic-rich mudrocks of the Lambert shale represent a return to silled-basin
conditions and an "anoxic event” similar to that represented by the Eocene Twobar Shale. As discussed
earlier in this report, the location of the hypothetical sill during late Oligocene-early Miocene time is
unknown, but it may have been the San Gregorio high, a structural feature that apparently lay directly
across the narrow connection between the Pacific Ocean and the La Honda-San Joaquin basin (Figure 67).

Early to Middle Miocene

Deposition of the Lambert Shale ended abruptly with an episode of uplift, deformation, and erosion
that occurred over the entire basin during the late Saucesian or early Relizian. This major tectonic
episode is recorded on the Ben Lomond block by an angular unconformity at the base of the Lompico
Sandstone, and on the La Honda block by an inferred unconformity at the base of the Monterey
Formation.

The amount of uplift that occurred during the late Saucesian and Relizian is unknown, but may
have been substantial. On the Ben Lomond block, the entire Refugian to Saucesian section is missing
(with the possible exception of the Zayante(?) Sandstone of the Majors Creek area); it probably was
removed by erosion prior to deposition of the Relizian Lompico Sandstone in angular unconformity on the
Butano Sandstone. On the La Honda block, the available paleobathymetric data suggest that about 500-
1000 m of shoaling occurred between the Saucesian and the Relizian (Figure 60; also, compare Figures
66H and 66I). The magnitude of the shoaling and local thinning of the Lambert Shale (as in the Slate
Creek section) suggest that most of the shoaling was due to tectonic uplift. However, some of the

shoaling may have resulted from minor eustatic sea level drops reported at 19 and 16.5 m.y. ago by Vail
and Hardenbol (1979).

Following this late Saucesian-early Relizian episode of uplift and erosion, renewed marine
transgression during the Relizian and Luisian led to deposition of the shallow-marine Lompico Sandstone
and the deeper-water deposits of the Monterey Formation. The paleogeography of the La Honda basin
during the Relizian and Luisian is poorly understood because neither the Lompico Sandstone nor the
Monterey Formation has been studied in detail. The available paleobathymetric data, however, suggest
that the basin persisted as a deep-water trough bordered by wide, shallow-water shelves on both the
northwest and southwest (Figures 661 and 66J). Maximum water depths of 1000 m or more occurred in
the La Honda and Mindego Hill quadrangles. The La Honda basm probably was still connected with the
Pacific Ocean to the west and the San Joaquin basin to the east. However, precise correlations of the
Lompico Sandstone and Monterey Formation with their offset equivalents on the east side of the San
Andreas fault have not yet been made.
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Along the southwestern margin of the basin, a granitic landmass—perhaps including the southern end
of Ben Lomond Mountain and part of northern Monterey Bay--was a major source of sediment for both
the shallow-water Lompico Sandstone and the deeper-water turbidite sandstones of the Monterey
Formation. Another granitic landmass in the Montara Mountain area was an important source of
sediment for the northwestern part of the La Honda basin.

The Monterey Formation consists in part of laminated, organic-rich shales that probably represent
deposition in anaerobic bottom waters. These anoxic shales are widely distributed in the La Honda basin,
suggesting that the Monterey Formation, like the Eocene Twobar Shale and the upper Oligocene-lower
Miocene Lambert Shale, represents deposition in silled-basin conditions and an ”anoxic event” during the
early to middle Miocene. As with the two earlier anoxic events, the location of the offending sill is
unknown, but the San Gregorio high is a prime suspect. Alternatively, early to middle Miocene
movement on the San Gregorio-Hosgri fault may have resulted in the temporary emplacement of a
topographic high along the west side of the fault that for a time partly blocked the exchange of deep
water between the La Honda basin and the Pacific Ocean. Such a giant ”shutter ridge,” if its top
intersected the oxygen minimum zone, could have caused anaerobic silled-basin conditions in the La
Honda basin until further displacement along the San Gregorio-Hosgri fault moved it to the north and out
of the way.

Middle Miocene and Younger

A detailed account of the paleogeography and geologic history of the La Honda basin from the
middle Miocene onward is beyond the scope of this report. Paleogeographic maps illustrating the Neogene
evolution of parts of the area have been prepared by Greene (1977), Greene and Clark (1979), and Phillips
(1981, 1983). Evidence mentioned earlier in this report shows that periods of subsidence and marine
transgression occurred during the late Miocene (represented by the Santa Margarita Sandstone and Santa
Cruz Mudstone) and the late Miocene to Pliocene (represented by the Purisima Formation). Major
episodes of uplift, deformation, and erosion occurred during the middle Miocene, late Miocene, and late
Pliocene to Quaternary, and are recorded by major unconformities.

Middle Tertiary Paleotectonics
of the La Honda Basin

Introduction

The middle Tertiary paleotectonic history of the La Honda basin is summarized in the plots of total
subsidence vs. time, or ”qualitative geohistory diagrams” (van Hinte, 1978) shown in Figure 68. Three
such diagrams were prepared, one for each of the following parts of the basin: (1) the presumed ”basin
center” in the La Honda area; (2) the inferred "basin margin” in the Zayante-Boulder Creek area, just
northeast of the Zayante-Vergeles fault; and (3) the northeastern flank of Ben Lomond Mountain, just
southwest of the Zayante-Vergeles fault.

The qualitative geohistory diagrams in Figure 68 were constructed using the data on age,
paleobathymetry, and thickness shown in Table 5. A major uncertainty in this data stems from the
difficulty of assigning precise numerical ages to some important lithologic boundaries, including the
contact between the Rices Mudstone and the Vaqueros Sandstone; the middle Oligocene unconformity;
and the upper and lower contacts of the Mindego Basalt. A further complication is the presence of several
unconformities from which unknown thicknesses of strata are missing, including the disconformities within
and at the base of the Rices Mudstone; the middle Oligocene unconformity; and the unconformities at the
bases of the Lompico Sandstone and Monterey Formation. In addition, no attempt was made to correct
for sediment compaction. These uncertainties and complications preclude a quantitative analysis of rates
of subsidence and uplift in the La Honda basin, although such analysis has been successful in other
Tertiary basins in California where better data are available (e.g., Graham, 1976; Ingle, 1980).
Nevertheless, I believe that the data from the La Honda basin presented in Table 5 and Figure 68 are
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reliable enough to show in a qualitative way the timing and relative magnitudes of episodes of subsidence
and uplift in different parts of the basin.

Figure 69 shows the approximate relative rates of accumulation for selected rock units in the La
Honda basin. This figure was prepared using the data on age and thickness shown in Table 6. These data
are subject to the same uncertainties as those used to construct the qualitative geohistory diagrams.
Because no correction for compaction was made, the rates of accumulation in Table 6 and Figure 69
cannot be compared with actual rates of sedimentation in modern basins, but they can be used to identify
important changes in relative rates of accumulation through time in the Tertiary La Honda basin.

The major events shown in Figures 68 and 69 include: (1) episodes of relatively rapid subsidence
and accumulation during the early to middle Eocene, late Oligocene to early Miocene, and early to middle
Miocene; (2) a period of relatively slow subsidence and accumulation during the late Eocene to early
Oligocene; and (3) episodes of uplift during the middle Oligocene and early Miocene. These events can be
interpreted in terms of plate motions and regional tectonics, as discussed below.

Early to Middle Eocene Raptd Subsidence

Relatively rapid rates of subsidence and sediment accumulation occurred in the La Honda basin
about 52-44 m.y. ago (Figures 68 and 69). This interval is recorded by the Butano Sandstone, which was
deposited in very deep water on a submarine fan that apparently covered the entire La Honda block and
much of the Ben Lomond block as well. Sediment on the Butano fan was supplied by an uplifted granitic
highland to the south. The rapid and deep subsidence of the La Honda basin and simultaneous uplift of
the adjacent sediment source area probably were the result of wrench tectonism associated with strike-slip
movement along the proto-San Andreas fault system. The La Honda and other basins in the early
Tertiary continental borderland of California probably resulted from local crustal extension and
downwarping or block-faulting of the crust, while the adjacent highlands were formed by local
compression and uplift. This tectonic activity probably took place within a complex system of branching
and braided strike-slip faults that may have been analogous to that of the modern southern California
borderland (e.g., Crowell, 1974).

A major fault in the proto-San Andreas system may have followed the same trace as the modern
San Andreas fault, but movement along this ancient fracture must have ceased prior to deposition of the
Butano-Point of Rocks submarine fan (Nilsen and Clarke, 1975). Wrenching during deposition of this fan
probably occurred along faults of the proto-San Andreas system located offshore; however, these faults
have not yet been identified.

The inferred period of wrench tectonism during deposition of the Butano fan about 52-44 m.y. ago is
consistent with the plate-motion studies of Carlson (1982) which indicate that oblique subduction and
movement along the proto-San Andreas system occurred about 60(?)-42 m.y. ago. There is an apparent
difference of 2 m.y. between the end of deposition of the Butano fan about 44 m.y. ago, inferred by me
from available paleontologic data, and the end of oblique subduction about 42 m.y. ago inferred by
Carlson (1982) from magnetic stripes. It is not clear that this 2 m.y. discrepancy is "real”; it may simply
reflect errors and uncertainties in the methods of dating.

Late Eocene to Early Oligocene Slow Subsidence

Relatively slow rates of subsidence and slow rates of sediment accumulation occurred in the La
Honda basin during the late Eocene and early Oligocene about 44-30(?) m.y. ago (Figures 68 and 69).
This interval is recorded by the Twobar Shale and Rices Mudstone, both of which represent hemipelagic
deposition of mud on a flat to gently-sloping basin-plain that apparently covered the entire preserved part
of the La Honda basin. The uniform character of the muddy sediments over such a large area, the slow
rates of subsidence, and the relatively low influx of coarse sediment suggest that this was a tectonically
quiet time in the La Honda basin. The early Tertiary wrench tectonism that had created the basin and
adjacent granitic highlands was no longer active, and the former highlands were reduced to lowlands by
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Figure 69. Approximate relative accumulation rates for selected rock units in
the La Honda basin, based on numerical data in Table 6. Accumulation rates
are uncorrected for compaction, Horizontal bars show the maximum accumulation
rates and age ranges of the rock units given in Table 6; filled circles and
heavy line show the general trend over time. Abbreviations of rock units are
as follows: T1, Locatelli PFormation. Tb, Butano Sandstone. Tst, Twobar
Shale. Tsr, Rices Mudstone. Tvc, Castle Rock unit of the Vaqueros Sandstone.
Tvl, Laurel unit of the Vaqueros Sandstone. Tz, Zayante Sandstone. Tmb,
Mindego Basalt. Tla, Lambert Shale. Tlo, Lompico Sandstone. Tm, Monterey
Pormation. Tsm, Santa Margarita Sandstone. Tsc, Santa Cruz Mudstone. Tps,
Purisima Formation of the Santa Cruz-Capitola area. Tpl, Purisima Formation
of the La Honda area.
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TABLE 6

APPROXIMATE RELATIVE RATES OF ACCUMULATION FOR
SELECTED ROCK UNITS IN THE LA HONDA BASIN
( UNCORRECTED FOR COMPACTION )

AGE OF APPROX. ACCUMULA-
BASE AND THICKNESS TION RATE
ROCK UNIT TOP (m.y.) (m) (m/m.y.)
Purisima Formation 6-2 350-1722 88—431
Santa Cruz Mudstone
+ Santa Margarita Ss. 12-7 2830 566
Monterey Formation
+ Lompico Sandstone 18-14 600-950 150-238
Lambert Shale 20-18 450-800 225-400
Mindego Basalt 30-20 1500 150

Zayante Sandstone
+ Laurel unit, 30-20 1400 140
Vaqueros Sandstone

Rices Mudstone +
Castle Rock unit, 39-30 550-700 61-78
Vaqueros Sandstone

Rice Mudstone 39-30 300-350 33-39
Twobar Shale 44-39 150-200 30—-40
Butano Sandstone 52—-44 3000 375

Locatelli Formation 59-54 300 50
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erosion or submerged.

According to the plate-motion studies of Carlson {(1982), this tectonically quiet time corresponds to
an interval of normal convergence along the California continental margin. Carlson’s interpretation
implies that from a regional point of view the La Honda basin was in a forearc (i.e., arc-trench gap)
paleogeographic and paleotectonic setting. Such a setting is consistent with the apparently low rates of
subsidence and sediment accumulation in the La Honda basin; according to data compiled by Howell and
von Huene (1981), such rates in forearc areas are gemerally equal to or lower than the rates in areas of
wrench tectonism.

Middle Oligocene Regression and Uplift

Major tectonic and eustatic events during the middle Oligocene resulted in a marine regression and
uplift of the La Honda basin margins and adjacent sediment source areas. The regression began during
the early Oligocene when the basin-plain represented by the Rices Mudstone was overlapped from the
south to north by a prograding submarine fan represented by the Castle Rock unit of the Vaqueros
Sandstone. The regression reached its peak during the late(?) Oligocene with deposition of a major fan-
delta and submarine fan complex represented by the Zayante and Vaqueros Sandstones. I infer that this
middle Oligocene regression records a dramatic increase in the supply of sediment to the La Honda basin
from a granitic source area to the southwest—the inferred ”granitic mountainous peninsula” shown in
Figure 67. I also infer that the increased supply of sediment resulted from at least two causes acting in
concert: (1) tectonic uplift and mountain-building in the granitic source area, with subsequent rapid
erosion of granitic basement and the overlying cover of lower Tertiary (and Mesozoic?) sedimentary rocks;
and (2) a major eustatic sea level fall about 29 m.y. ago (Vail and Hardenbol, 1979), which probably
resulted in lowered base level and a subsequent increase in rates of erosion and sediment production.

Tectonic uplift also occurred within the La Honda basin along the southwestern basin margin (Figure
68), where about 2000 m of shoaling is recorded by inferred unconformities in the Twobar Creek and
Soquel-Hinckley sections. However, the available data indicate that continued subsidence, and not uplift,
occurred in the basin center (Figure 68). The apparent restriction of uplift to the basin margin suggests
that the uplift was associated with deformation and movement along a nearby fault, most likely the
Zayante-Vergeles fault. Oligocene movement along this fault was previously suggested by Clark and
Rietman (1973) to explain, among other things, the coarsening of Oligocene deposits toward the fault, and
the apparent restriction of Oligocene nonmarine and shallow-marine deposits to areas adjacent to the
fault. The hypothesis of Oligocene activity along the fault is also supported by: (1) the orientation of the
late Oligocene shoreline and paleobathymetric contours generally parallel to the fault (Figures 66G and
67); and (2) the very steep paleoslopes near the fault inferred from benthic foraminiferal paleobathy metry
(Figure 66G). Thus, the configuration of the southwestern margin of the basin appears to have been
controlled during the middle to late Oligocene by movement along the Zayante-Vergeles fault.

Tectonic uplift and erosion apparently also occurred along the northwestern margin of the basin
during the middle Oligocene. In the Woodside-Half Moon Bay area, the Eocene Twobar Shale and Eocene
to lower Oligocene Rices Mudstone were eroded away prior to deposition of the upper(?) Oligocene
Vaqueros Sandstone on the Eocene Butano Sandstone. I infer that the source of sediment for the
Vaqueros Sandstone in this area was a tectonically uplifted area of granitic rocks located in the Montara
Mountain area or farther northwest. However, the available stratigraphic, sedimentologic, and
paleobathymetric data from this area are too few to allow a detailed discussion of the tectonic events that
occurred there.

In summary, major marine regression occurred in the La Honda basin during the middle Oligocene.
The regression occurred at about the same time as a major eustatic drop in sea level, but the primary
cause of the regression was tectonic uplift of the basin margins and adjacent granitic source areas. The
middle Oligocene regression and uplift in the La Honda basin cannot be dated more precisely with
presently available biostratigraphic and radiometric information. However, I suspect that these local
tectonic events were associated with regional events that accompanied the change in tectonic regime from



190

normal convergence to right-slip during the middle Oligocene about 30 m.y. ago (Figure 4; Carlson, 1982).
The Oligocene was a time of regionally extensive tectonism and uplift throughout central and southern
California, and was marked by widespread erosion with the creation of unconformities, the formation of

numerous fault-bounded basins, and the deposition of regressive sequences and extensive nonmarine
deposits (Dibblee, 1977; Nilsen, 1982).

The cause of this regional tectonism is unclear. Nilsen (1982) has proposed that it was related to
the approach and collision of the Farallon-Pacific spreading ridge with the California continental margin.
This is an attractive hypothesis, but some important questions remain unanswered. For example, the
plate-motion reconstructions by Atwater and Molnar (1973) and Engebretson (1982) show that the initial
contact of the ridge with the continental margin occurred well to the south of the modern California-
Mexico border, and at least 300 km southeast of the restored position of the La Honda-San Joaquin basin.
It remains to be explained how a collision at least 300 km away caused movement along the Zayante-
Vergeles fault and uplift of both the northwestern and southwestern margins of the basin, while the center
of the basin continued to subside. Speculatively, perhaps the collision of the ridge with the trench caused
movement on a conjugate system of faults in the adjacent continental margin. Horizontal and vertical
movement of fault-bounded blocks in such a system could have resulted in the formation of local basins
and adjacent uplifts, for example the La Honda basin and the granitic mountains on its northwestern and
southwestern borders.

Late Oligocene to Early Miocene Extension

The late Oligocene to early Miocene was a time of volcanism, marine transgression, and increased
rates of subsidence and sediment accumulation in the La Honda basin. After the middle Oligocene uplift,
subsidence resumed along the southwestern basin margin (Figure 68). Rates of subsidence there and in
the basin center increased abruptly and were apparently very high during the early Miocene about 20 m.y.
ago (Figure 68). At about the same time, rates of sediment accumulation also increased (Figure 69).
Along the southwestern basin margin, the Zayante Sandstone, Laurel unit of the Vaqueros Sandstone, and
Lambert Shale were deposited on the relatively downthrown side of the Zayante-Vergeles fault, which
apparently remained active through Saucesian time. In the center of the basin, the Mindego Basalt and
overlying Lambert Shale accumulated in a pull-apart.

The occurrence at about the same time of marine transgression, volcanism, and increased rates of
subsidence suggests that extensional tectonics prevailed in the La Honda basin during the late Oligocene
and early Miocene. A combination of extension and right-lateral shear, or ”transtension” (Reading, 1980)
may have resulted in the formation of a pull-apart in the Mindego Hill area.

Extensional tectonics associated with volcanism, marine transgression, and rapid subsidence of local
areas occurred not just in the La Honda basin but also in the Salinas basin and much of the rest of central
and southern California during the late Oligocene and early Miocene (Graham, 1976, 1978; Ingle, 1980).
The cause of this regional episode of extension is unknown, but a number of hypotheses have been
proposed. For example, Dickinson and Snyder (1979) suggested that local extension and volcanism
accompanied the northward migration of the Mendocino triple junction along the California continental
margin following the ridge-trench collision about 30 m.y. ago. Their geometric analysis predicts that the
triple junction passed through the La Honda basin area about 20-22 m.y. ago. This predicted time agrees
remarkably well with available information on the ages of the Mindego Basalt, the development of the
Mindego pull-apart, and the pulse of rapid subsidence shown in Figure 68.

The hypothesis of Dickinson and Snyder also predicts that episodes of local extension and volcanism
were sequenital rather than synchronous along the California continental margin; in other words, pulses of
subsidence and volcanic activity, if they were indeed due to the northward migrating triple junction,
should have occurred earlier in the south than in the north. Unfortunately, the available data on the
timing of important events are ambiguous and do not clearly support or refute the hypothesis of
Dickinson and Snyder. For example, marine transgression and pulses of subsidence occurred in the Salinas
and La Honda basins near the Oligocene-Miocene boundary (Graham, 1976, 1978), but the dating of these
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events is neither accurate nor precise enough to show that rapid subsidence began earlier in one basin or
the other. Moreover, the available radiometric dates on volcanic rocks in central California can be
interpreted as showing either (1) an imperfect "younging” from south to north, or (2) essentially
synchronous volcanism. The volcanic rocks in question, listed generally in order from southwest to
northeast, include: (a) basalt flows in the Simmler Formation of the Caliente Range dated at 22.9-23.4
m.y. (Ballance and others, 1983); (b) dacitic volcanics and shallow intrusives of the Morro Rock-Islay Hill
zone and the Cambria Felsite dated at 22.1-26.5 m.y. (Ernst and Hall, 1974); (c) undated and unnamed
rhyolites and basalts in the Saucesian Sandholdt unit of the Monterey Formation in the southern Salinas
Valley area (Graham, 1976, p. 121); (d) rhyolite, dacite, and andesite of the Pinnacles Volcanic Formation
dated at about 23.5 m.y. (Matthews, 1976); (¢) unnamed dacites and andesites near San Juan Bautista in
the northern Gabilan Range dated at 21.6 m.y. (Clark and Rietman, 1973); (f) the Mindego Basalt,
radiometrically dated at 19.7-23.1 m.y. (Turner, 1970); and (g) the Iversen Basalt of the Point Arena area,
dated at 22.6-24.3 m.y. (Turner, 1970).

An alternative hypothesis that explains synchronous rather than sequential volcanism and rapid
subsidence is that an episode of regional strike-slip motion with a component of extension, or
”transtension” (Reading, 1980), took place in central California during the late Oligocene and early
Miocene. Speculatively, such a transtensional episode may have occurred when the Salinian block became
partially coupled to the northwest-moving Pacific plate, resulting in a short-lived episode of strike-slip
faulting in central California. Some of this strike-slip motion may have occurred along the San Andreas
fault, resulting in formation of a pull-apart basin in the Mindego Hill area. Major strike-slip movement
along the San Andreas fault, however, did not begin until later in the Miocene (Blake and others, 1978;
Graham, 1978).

The late Oligocene-early Miocene episode of extension (or transtension) in California occurred at
about the same time as extensional tectonism and basin formation in many areas around the Pacific rim,
including the Phillipine Islands, Japan, and Kamchatka (Ingle, 1980). This essentially synchronous
tectonism over so wide an area may have been the product of an adjustment of plate motions and changes
in the rates and azimuths of sea-floor spreading and subduction (Ingle, 1980).

Early Miocene Uplift

Extensional tectonics and volcanism in the La Honda basin ended with an episode of uplift and
erosion during the late Saucesian or early Relizian. This episode is recorded by unconformities at the base
of the Relizian Stage in the basin center and on Ben Lomond Mountain (Figures 12 and 68). Uplift
probably occurred over the entire La Honda basin but cannot be documented in the Boulder Creek-
Zayante area northeast of the Zayante-Vergeles fault (Figure 68) because Relizian strata are not preserved
there.

This episode of uplift was accompanied by at least mild deformation and tilting of pre-Relizian
strata, because relations shown on the geologic map of Brabb (1970) indicate that the Relizian to Luisian
Monterey Formation rests with angular discordance on the Zemorrian to Saucesian Lambert Shale'in the
Saratoga Gap area (Secs. 11, 12, 13, 14-8S-3W, northeastern Big Basin quadrangle).

The early Miocene episode of uplift in the La Honda basin was most likely associated with a tectonic
event of regional significance, because uplift and erosion are recorded by unconformities at the base of the
Relizian Stage in the Santa Maria, Salinas Valley, San Joaquin Valley, Point Reyes, and offshore areas
(Graham, 1976; Harding, 1976). The uplift and erosion occurred at about the same time as en echelon
folding in the San Joaquin basin (Harding, 1976), and possibly at about the same time as the development
of wrench-related small basins and uplifts within the Salinas basin (Graham, 1976). These events may
have been related to the initiation of major right-lateral motion and wrench tectonism along the San
Andreas fault and subsidiary strike-slip faults in the Salinian block (Graham and others, 1982). The
widespread occurrence of uplift and deformation suggests that this early movement was ”transpressional”
(Reading, 1980)--in other words, consisted of right-lateral shear with a component of compression.
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An alternative hypothesis proposed by Glazner (1981, 1982) suggests that uplift and erosion in the
La Honda and other coastal basins may have been related to unusual subcrustal phenomena associated
with passage of the Mendocino triple junction. Glazner believes that subduction of the Mendocino
fracture zone, a 1000 m-high north-facing topographic scarp in the ancient Farallon plate, may have
caused a northward-moving wave of uplift in the overlying North American plate as it followed in the
wake of the migrating Mendocino triple junction. The amount of uplift predicted by this model--about
500-1000 m-and the timing are consistent with what is inferred from independent evidence for the La
Honda basin (Figure 68). The Glazner model also predicts, however, that uplift was sequential from south
to north along the California continental margin. The available data, based on benthic foraminiferal
biostratigraphy, suggest that uplift of the California margin basins was synchronous rather than sequential
(e.g., Graham, 1976). Nevertheless, this should be checked by using more refined dating tools such as
planktic foraminifers or nannofossils.

Following this early Miocene episode of uplift, subsidence resumed in the La Honda basin and led to
deposition of the Lompico Sandstone and Monterey Formation. This renewed subsidence and the
subsequent late Tertiary and Quaternary paleotectonic history of the La Honda basin were most likely
controlled by strike-slip tectonics along the San Andreas fault system. However, most of the details of
this history remain to be worked out. Some aspects of late Tertiary and Quaternary paleotectonics in the
area are discussed by Greene and Clark (1979), Weber and others (1979), Clark (1981), Stuart and others
(1982), and Stanley and McCaffrey (1983).

New Estimates of Offset Along
the San Andreas Fault

Addicott (1968) and Bandy and Arnal (1969) suggested that the La Honda and San Joaquin basins
were contiguous during the middle Tertiary and were later separated by large right-lateral movement
along the San Andreas fault. This view is supported by evidence from benthic foraminiferal
paleobathymetry. Comparison of late Zemorrian and Saucesian paleobathymetric maps of the two basins
(Figures 66G, 66H, and 70), shows that the maximum water depths in both basins were 2000 m or more,
and that the deepest parts of the basins were adjacent to and truncated by the San Andreas fault.

Using the deepest parts of the two basins as piercing points along the San Andreas fault, I estimate
that post-late Zemorrian right-lateral displacement along the fault has been about 330 km, and post-
Saucesian displacement about 320 km. These figures agree well with previous estimates of the
displacement along the fault of other middle Tertiary geologic features, including: (1) the 305-330 km
offset of the Eocene Butano-Point of Rocks submarine fan (Clarke and Nilsen, 1973); (2) the 305-320 km
offset of Eocene basin-plain and shallow-marine deposits in the northern Gabilan Range and San Emigdio
Mountains (Nilsen, 1984); (3) the 315 km offset of the Pinnacles and Neenach volcanics, dated at about
23.5 m.y. (Matthews, 1976); and (4) the 280-305 km offset of an ancient shoreline and associated dacitic
volcanic rocks dated at about 21.7 m.y. in the northern Gabilan Range and San Emigdio Mountains
(Dickinson and others, 1972).

These estimates of offset are compatible with the hypothesis presented earlier in this report that a
small amount of right-lateral displacement occurred along the San Andreas fault during the formation of a
pull-apart in the Mindego Hill area during the late Oligocene and early Miocene. Of the estimated offsets
listed above, those of the older geologic features are generally somewhat greater than the younger ones.
Using the maximum and minimum figures listed above, offset of the Eocene features is 0-50 km more than
the offset of the early Miocene shoreline and dacitic volcanic rocks. Thus, the amount of right-lateral
displacement along the San Andreas fault during the late Oligocene and early Miocene, if it occurred at
all, was probably in the range of 0-50 km.

A rough estimate of the amount of right-lateral displacement required to create the pull-apart in the
Mindego Hill area can be calculated using relationships based on model studies of pull-apart basins by
Rodgers (1980, p. 32). Rodgers’s investigations show that the depth of an ideal pull-part basin is generally
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Paleobathymetry at the end of the Zemorrian Stage, probably about 24.5 m.v. ago. Isobaths
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Pigure 70. Maps of Zemorrian and Saucesian paleobathymetry of the San
Joaquin . basin (Bandy and Arnal, 1969), for comparison with Figure 66 of
this report.
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about 10-20% of the offset on the adjoining master faults. If the depth of the Mindego pull-apart is taken
to be 1500 m—the approximate maximum thickness of the Mindego Basalt--then the calculated right-
lateral offset on the master faults (one of which was presumably the San Andreas) is 7.5-15 km. If the
depth of the Mindego pull-apart is taken as 3500 m--the thickness of the Mindego Basalt plus the
maximum late Zemorrian to Saucesian water depths in the area, based on benthic foraminiferal
paleobathymetry--the calculated offset on the master faults is 17.5-35 km.

These calculations suggest that the Mindego pull-apart could have formed as a result of 7.5-35 km of
right-lateral displacement along the San Andreas fault during the late Oligocene and early Miocene. This
estimate is well within the 0-50 km range allowed by available data on the offset of middle Tertiary
geologic features and discussed earlier.

A third estimate of the amount of late Oligocene-early Miocene offset along the fault can be made
by assuming that the dimensions of the crustal "hole” created by the pull-apart correspond roughly to the
rhomb-shaped area of the Mindego Basalt seen on the distribution and thickness maps in Figures 55 and
56. The length of the pull-apart and therefore the amount of strike-slip displacement on the master faults
can then be assumed to be roughly equal to the length, measured parallel to the master faults, of the
thickest part of the Mindego Basalt. Using the thickness map in Figure 56 and measuring the distance,
parallel to the San Andreas fault, between the two 200 m isopachs, I estimate that strike-slip offset along
the fault during formation of the Mindego pull-apart was about 15-25 km.

Speculations on Offset Along the
San Gregorio-Hosgr: Fault

The paleobathymetric and paleogeographic maps in Figures 66 and 67 suggest that the deep-water
trough of the La Honda basin extended westward across the San Gregorio-Hosgri fault during the late
Oligocene and early Miocene. If this is correct, then the western continuation of the La Honda basin may
have been truncated and transported relatively to the northwest by large-scale, late Cenozoic right-slip
along the San Gregorio-Hosgri and San Andreas faults. Put another way, if the Tertiary strata on Ben
Lomond Mountain are truly the offset equivalents of Tertiary strata in the Point Reyes area as suggested
by Dickinson and Graham (1978b), then the Zemorrian strata north of Ben Lomond Mountain also should
have offset equivalents in the area northwest of Point Reyes (Figure 1).

Unfortunately, no such offset of Zemorrian rocks has yet been documented. Zemorrian strata are
present in outcrops along the coast south of Point Arena and include the Iversen Basalt, the Skooner
Gulch Formation, and the Gallaway Formation (Addicott, 1967). The Iversen Basalt is about 22.6-24.3
m.y. old (Turner, 1970); it may be the offset correlative of the Mindego Basalt, but it may also have been
erupted from volcanic vents that were along the same trend but separated by some distance from the
Mindego vents (Graham and Peabody, 1981).

Zemorrian strata may also be present in parts of the offshore Bodega and Point Arena basins. These
basins reportedly include locally thick sections of upper Eocene to lower Miocene sandstones and shales
(Hoskins and Griffiths, 1971; McCulloch and others, 1977). However, correlation of these offshore strata
with onshore sections in the Point Arena, Point Reyes, and Santa Cruz Mountains areas is not
straightforward due to complex structure, numerous unconformities, questionable age control, and possible
lateral facies changes.

The Zayante-Vergeles fault is a major linear geologic feature that may provide a piercing point to
measure offset along the San Gregorio-Hosgri fault. In the western part of the La Honda basin, the
Zayante-Vergeles fault trends east-west--nearly perpendicular to the San Gregorio-Hosgri fault--and has an
estimated 2000-3000 m of down-to-the-north vertical separation. If the Zayante-Vergeles fault has been
truncated by the San Gregorio-Hosgri fault and its western continuation moved relatively to the
northwest, it should be fairly easy to identify in the offshore using geophysical methods such as seismic
reflection and gravity.
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The offset western extension of the La Honda basin--if it exists--may not include the Eocene Twobar
Shale or the upper Oligocene-lower Miocene Lambert Shale. These anoxic shales probably formed during
periods when the La Honda basin was separated from the Pacific Ocean by a shallow sill that intersected
the base of the oxygen-minimum zone. If the sill was located over the San Gregorio high on the east side
of the San Gregorio-Hosgri fault, as suggested earlier in this report, then these anoxic shales and potential
source beds of petroleum probably were never deposited west of the fault. Similarly, if the late
Oligocene-early Miocene Vaqueros submarine fan was bounded on the west by the San Gregorio high as
shown in Figure 67, then no offset correlative of this fan—a potential petroleum reservoir--will be found
west of the San Gregorio-Hosgri fault.

SUMMARY OF MAJOR CONCLUSIONS

(1) To a first approximation, major events in the middle Tertiary evolution of the La Honda basin
can be correlated with regional events predicted by plate-motion reconstructions (e.g., Atwater, 1970;
Atwater and Molnar, 1973; Carlson, 1982; Engebretson, 1982).

(2) Oblique convergence along the California continental margin prior to 42 m.y. ago (Carlson, 1982)
probably drove right-lateral movement along the hypothetical proto-San Andreas fault system. During
the Paleocene and again during the Eocene, wrench tectonism along this fault system apparently caused
rapid subsidence of the La Honda basin and simultaneous uplift of adjacent granitic sediment source
areas, resulting in deposition of the Locatelli Formation about 59-54 m.y. ago, and deposition of the
Butano Sandstone about 52-44 m.y. ago.

(3) A period of normal convergence occurred along the California continental margin about 42-30
m.y. ago during the late Eocene to early Oligocene (Carlson, 1982). In the La Honda basin, this was a
time of relatively slow rates of subsidence and slow hemipelagic deposition of the Twobar Shale and Rices
Mudstone in lower bathyal basin-plain environments. Major basin-wide disconformities at about 39 m.y.
and 37 m.y. ago represent episodes of sediment starvation and may reflect eustatic sea level changes,
tectonic events, or episodes of intense bottom current activity.

(4) Major restructuring of the La Honda basin occurred during the middle Oligocene, apparently as a
consequence of the approach and collision of the Farallon-Pacific spreading ridge with the North American
continental margin about 30 m.y. ago. Local events included uplift and erosion of the basin margins,
movement along the Zayante-Vergeles fault, and a major marine regression. A fan-delta and submarine
fan complex represented by the Zayante and Vaqueros Sandstones was fed by northward-flowing braided
streams carrying coarse sediment eroded from a nearby granitic highland that was undergoing tectonic
uplift. Formation of the fan-delta and submarine fan complex may have been enhanced by a major
eustatic fall in sea level about 29 m.y. ago (Vail and Hardenbol, 1979).

(5) A period of extensional tectonics marked by volcanism, marine transgression, rapid rates of
subsidence, and formation of a pull-apart in the Mindego Hill area occurred near the Oligocene-Miocene
boundary about 20-25 m.y. ago. The extension apparently was associated with a small amount (perhaps
15-25 km) of right-slip along the San Andreas fault. The extension may have been caused by passage of
the northward-migrating Mendocino triple junction. Alternatively, the extension may have been caused
by regional transtension along the San Andreas fault; the transtension may have been due to an
adjustment of plate motions in the Pacific basin, or to partial coupling of the Salinian block to the
northwest-moving Pacific plate.

(6) Basin-wide uplift, deformation, and erosion occurred near the Saucesian-Relizian boundary about
18 m.y. ago and are recorded by unconformities at the bases of the Lompico Sandstone and the Monterey
Formation. The uplift may have been a response to regional transpression and wrenching along the San
Andreas fault or, alternatively, it may have been related to northward subcrustal migration of the
subducted Mendocino fracture zone.
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(7) Anoxic conditions occurred at least three times in the La Honda basin and resulted in deposition
of laminated organic-rich shales, including the Eocene Twobar Shale, the upper Oligocene to lower
Miocene Lamber Shale, and the lower to middle Miocene Monterey Formation. The exact causes of these
basin-wide anoxic events are unclear, but they probably resulted from intermittent uplift of a sill in the
San Gregorio area, perhaps in concert with episodes of expansion of the oxygen-minimum zone in the
adjacent Pacific Ocean in response to climatic or oceanographic events.

(8) The La Honda and San Joaquin basins, and possibly parts of the Bodega and Point Arena basins
of northern California, were probably joined together during the middle Tertiary. This ancient large
basin was dissected during the Neogene by large right-lateral movements along the San Andreas and San
Gregorio-Hosgri faults. Comparison of paleobathymetric maps of the La Honda and San Joaquin basins
suggests that right-lateral displacement along the San Andreas fault has been about 330 kin since the late
Zemorrian and about 320 km since the Saucesian.
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APPENDIX I

PALEONTOLOGIC DATA FROM THE
SANTA CRUZ MOUNTAINS

Listed below are the inferred ages and paleodepths of over 800 faunal lists compiled from more than
30 reports and well files. Each list is identified according to formation, quadrangle, and an arbitrary
locality number; thus, ” Tsr-14-22” refers to a sample from the Rices Mudstone (or ”Tsr” - see Table 2) in
the Big Basin quadrangle (or quadrangle number 14 - see Figure 7) at my locality number 22. For each
list I have also given the original reference and sample number (if any), an age call, and a
paleobathymetric interpretation. Age calls made by me are identified by the notation (RGS). All other
age calls are from the original references. All paleobathymetric interpretations were made by me using
the procedures outlined in the text under *Methods.”

Abbreviations for the benthic foraminiferal stages of Schenck and Kleinpell (1936), Kleinpell (1938),
and Mallory (1959) are listed below:

Del. = Delmontian
Moh. = Mohnian
Luis. = Luisian
Rel. = Relizian

Sauc. = Saucesian
Zem. = Zemorrian
Ref. = Refugian
Nar. = Narizian
Ulat. = Ulatisian
Pen. = Penutian

Bul. = Bulitian
Ynez. = Ynezian

Abbreviations for the paleobathymetric biofacies of Ingle (1980) are as follows:

IS = inner shelf (0-50 m)

OS = outer shelf (50-150 m)

UB = upper bathyal (150-500 m)

UMB = upper middle bathyal (500-1500 m)
LMB = lower middle bathyal (1500-2000 m)
MB = middle bathyal, undivided (500-2000 m)
LB = lower bathyal (2000 m and greater)

Other abbreviations are as follows:

ARF =Assemblage consisting entirely or almost entirely of arenaceous species. The
paleocecologic significance of such assemblages is uncertain; see the text (under
"Methods”) for further discussion.

DW = "Deep water” assemblage. Denotes a microfossil assemblage in which the benthic
foraminifers alone are insufficient to allow a paleobathymetric interpretion, but in
which the presence of abundant radiolarians and/or planktic foraminifers suggests
water depths at the shelf edge or deeper.

OMZ =

Possible oxygen minimum zone assemblage. Denotes an assemblage containing
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common to abundant individuals of at least one species thought by Ingle (1980), or
Milam and Ingle (1982), to be indicative of anaerobic bottom conditions produced by
water of low oxygen content.

NED =
Not enough data to make a paleobathymetric interpretation.

Tl-14-1: (Brabb, 1960: EB 27) Ynez., ARF, DW.
Tl-14-2: (Brabb, 1960: EB 144) Ynez., ARF.
TI-14-3: (Brabb, 1960: EB 145) Ynez., ARF.
Tl-14-4: (Brabb, 1960: EB 242A) Ynez., ARF.
TI-14-5: (Brabb, 1960: EB 242B) Ynez., ARF.
Tl-14-6: (Brabb, 1960: EB 242D) Ynez., ARF.
T]-14-7: (Brabb, 1960: EB 342G) Ynez., ARF.
Ti-14-8: (Brabb, 1960: EB 83A) Ynez., ARF, DW.
T1-14-9: (Brabb, 1960: EB 337D) Ynez., ARF, DW.
T1-14-10: (Brabb, 1960: EB 337C) Ynez., ARF, DW.

Tl-14-11: (Brabb, 1960: EB 337B) Ynez., MB to LB.

Ti-14-12
Til-14-13
Tl-14-14
Tl-14-15
TI-14-16
Ti-14-17
T1-14-18

T1-19-2: (Clark, 1966, and Clark and others, 1979: JC14, JC60-126, M4668, 76CB1511) Ynez., OS to UB.
T1-19-3: (Clark, 1966, and Clark and others, 1979: JC60-93, 76CB1511A) Ynez., ARF, possibly LB to

: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:

abyssal.

EB 337A) Ynez., LB.

EB 340) Ynez., LB.

EB 307) Ynez., LB.

EB 125) Ynez., ARF.

EB 259) Ynez., ARF.

EB 308) Ynez., ARF, DW.
EB 25) Ynez., ARF.

T1-19-6: (Clark, 1966, and Clark and others, 1979: JC23, M4669, JC60-120) Ynez., UB.

Tbh-6-1:
Tbh-6-2:
Tb-6-3:
Tb-6-4:
Th-6-5:
Th-6-6:
Tb-6-7:
Tb-6-8:
Tb-6-9:
Th-6-10:
Tb-6-11:
Tb-6-12:

(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:

F73) Nar., LB?

F74) Nar., LB.

F76) Nar., LMB?
F78) Nar., DW.
F109) Nar., LB?
F130) Bul.?, ARF.
F131) "Eocene”, ARF.
F132) Nar., LMB?
F146) Bul, LB?

F154) "Eocene”, LB?
F155) Nar. or Pen., LB?
F204) Nar., LB?

Tb-6-13: (Poore, unpublished data, 1978: MF 2535) Eocene planktic foram. Zones P13-P14, DW.
Tb-6-14: (Poore, unpublished data, 1978: MF 2536) Eocene planktic foram. Zones P12-P17, DW.
Tb-6-15: (Poore, unpublished data, 1978: MF 2539A) Eocene planktic foram. Zones P10-P12, DW.
Tb-6-16: (Poore, unpublished data, 1978: MF 2539B) Eocene planktic foram. Zones P11-P12, DW.
Tb-6-17: (Poore, unpublished data, 1978: MF 2540) Eocene planktic foram. Zones P10-P12, DW.
Tb-6-18: (Mack, 1959: JM-61m) Eocene, ARF.

Tb-6-19:
Tb-6-20:
Th-6-21:
Tb-6-22:
Tb-6-23:
Th-6-24:
Th-6-25:

(Mack, 1959:
(Mack, 1959:
(Mack, 1959:
(Mack, 1959:
(Mack, 1959:
(Mack, 1959:
(Mack, 1959:

JM-208m) Eocene, NED.

JM-232m) Eocene, NED.

RE-137m) Eocene to Paleocene, ARF.
RE-56m) Eocene?, ARF.

JM-59m) Eocene?, DW.

JM-70m) Eocene? (RGS), DW.
JM-378m) Eocene?, DW.



Tb-9-1:
Tb-9-2:
Tb-9-3:
Tb-9-4:
Tb-9-5:
Tb-9-6:
Tb-9-7:
Tb-9-8:
Tb-9-9:
Tb-9-10:
Tb-9-11:
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(Cummings, 1960: 57-260) Upper Ulat. to Nar., LMB.

(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:
(Touring, 1959:

(Touring, 1959

F187) Eocene, DW.
F189) Nar., LB?
F213) Eocene, LB?
F214) Eocene, DW.
F217) Nar., LMB.
F261) Nar., LB?
F263) Nar., LB.
F308) Eocene, DW.
F558) Eocene, NED.
: F559) Nar., LB.

Tb-9-12A: (Touring, 1959: F731-1) Nar., LMB?
Tb-9-12B: (Touring, 1959: F731-2) Nar., LB.

Thb-9-13:
Tb-9-14:
Tb-9-15:

(Touring, 1959
(Touring, 1959
(Touring, 1959

: F613-2) Nar., MB to LB.
: F613-11) Nar.?, MB to LB.
: F613-12) Nar.?, ARF.

Tb-9-16: Humble Santa Cruz Lumber Co. #1 well, drilled interval 3560-4975 feet. Nar. (RGS), LB?
Tb-10-1: (Cummings, 1960, 56-181) upper Ulat. to Nar., DW.
Western Gulf Wells Fargo #1 well, drilled interval 4600-5410 feet. Pen. to Nar.? (RGS), DW.

Tb-10-2:
Tb-13-1:
Tb-13-2:
Tb-13-3:
Tb-13-4:
Tb-13-5:
Tb-13-6:
Tb-13-7:
Tb-13-8:
Tb-13-9:

(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:

Tb-13-10: (Brabb, 1960:

Tb-13-11

: (Brabb, 1960:

EB 486) Nar., ARF, DW.
EB 164) Nar., ARF, DW.
EB 474) Nar., ARF, DW.
EB 477) Nar., DW.

EB 170) Nar., LB.

EB 139) Nar., ARF, DW.
EB 455) Nar., NED.

EB 167) Nar., LMB?

EB 149) Nar., ARF, DW.
EB 143) Nar., ARF, DW.
EB 151) Nar., NED.

Tb-14-1: (Sullivan, 1962: B-2228; Poore and Brabb, 1977: MF 3301) lower Nar., Eocene planktic foram.
Zones P13-P14, LB.

Tb-14-2: (Poore and Brabb, 1977: MF 3300) Eocene planktic foram. Zones P13-P14, DW.

Tb-14-3: (Poore and Brabb, 1977: MF 3299) Eocene planktic foram. Zones P13-P14?, but could be as
old as P-11, DW.

Tb-14-4:
Tb-14-5:

(Sullivan, 1962
(Sullivan, 1962

: B-2229) lower Nar., OS to UB.
: B-2230) lower Nar., UB.

Tb-14-6: (Fairchild and others, 1969: B-4355), Nar., LMB.

Tb-14-7:

Tb-14-8:

Tb-14-9:

Tb-14-10
Tb-14-11
Tb-14-12
Tb-14-13
Tb-14-14
Tb-14-15
Tb-14-16
Tb-14-19
Tb-14-20
Tb-14-21
Tb-14-22
Tb-14-23
Tb-14-24

(Brabb, 1960:

(Brabb, 1960:

(Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:

EB 330L) Nar., NED.
EB 330H) Nar., DW.
EB 330F) Nar., NED.
EB 330E) Nar., NED.
EB 330D) Nar., NED.
EB 330B) Nar., DW.
EB 202G) Nar., DW.
EB 202A) Nar., DW.
EB 202H) Nar., DW.
EB 202B) Nar., LMB?

: (Cummings, 1960: 56-700) upper Ulat. to Nar., DW.
: (Cummings, 1960: 56-701) upper Ulat. to Nar., NED.
: (Cummings, 1960: 56-702) upper Ulat. to Nar., DW.

: (Brabb, 1960:
: (Brabb, 1960:
: (Brabb, 1960:

Tb-14-25: (Brabb, 1960:

EB 24) Nar., NED.

EB 82) Nar., DW.

EB 261) Nar., ARF.

EB 444) lower Nar., DW.



Tb-14-26: (Brabb, 1960:
Tb-14-27: (Brabb, 1960:
Thb-14-28: (Brabb, 1960:
Tb-14-29: (Brabb, 1960:
Tb-14-30: (Brabb, 1960:
Tb-14-31: (Brabb, 1960:
Tb-14-32: (Brabb, 1960:
Tb-14-33: (Brabb, 1960:
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EB 220) Nar., DW.
EB 182) Nar., DW.
EB 121) Nar., DW.
EB 120) Nar., DW.
EB 445) Nar., DW.
EB 166) Nar., ARF, DW.
EB 165) Nar., ARF, DW.
EB 169) Nar., ARF, DW.

Tb-14-34: (Brabb, 1960:
Tb-14-35: (Brabb, 1960:
Tb-14-38: (Brabb, 1960:
Tb-14-39: (Brabb, 1960:
Thb-14-40: (Brabb, 1960:
Tb-14-41: (Brabb, 1960:
Tb-14-42: (Brabb, 1960:
Tb-14-43: (Brabb, 1960:

Tb-15-4:

Tb-15-6:

Tb-15-9:

Tb-15-21: (Brabb, 1960:
Tb-15-22: (Brabb, 1960:
Tb-15-23: (Brabb, 1960:
Tb-15-24: (Brabb, 1960:
Tb-15-25: (Brabb, 1960:
Tb-15-26: (Brabb, 1960:
Tb-15-27: (Brabb, 1960:
Tb-15-28: (Brabb, 1960:
Tb-15-29: (Brabb, 1960:
Tb-15-30: (Hector, 1976:
Tb-15-31: (Hector, 1976:
Tb-16-1:

EB 188) Nar., ARF.

EB 38) Nar., ARF, DW.
EB 346) Nar., DW.

EB 485) Nar., DW.

EB 190) Nar., ARF, DW.
EB 97) Nar., DW.

EB 69) Nar., ARF, DW.
EB 214) Nar., DW.
Tb-15-1: (Fairchild and others, 1969:
Tb-15-2: (Fairchild and others, 1969:
Tb-15-3: (Fairchild and others, 1969:
(Fairchild and others, 1969:
Tb-15-5: (Fairchild and others, 1969:
(Fairchild and others, 1969:
Tb-15-7: (Fairchild and others, 1969:
Tb-15-8: (Fairchild and others, 1969:
(Fairchild and others, 1969:
Tb-15-10: (Fairchild and others, 1969:
Tb-15-11: (Fairchild and others, 1969:
Tb-15-12: (Fairchild and others, 1969:
Tb-15-13: (Fairchild and others, 1969:
Tb-15-14: (Fairchild and others, 1969:
Tb-15-15: (Fairchild and others, 1969:
Tb-15-16: (Fairchild and others, 1969:
Tb-15-17: (Fairchild and others, 1969:
Tb-15-18: (Fairchild and others, 1969:
Tb-15-19: (Fairchild and others, 1969:
Tb-15-20: (Fairchild and others, 1969:

B-2280) upper Ulat., LB?

B-2281) upper Ulat., LB?

B-2282) upper Ulat., LB.

B-2283) upper Ulat., LB?

B-2284) upper Ulat., LB.

B-2285) upper Ulat., LB.

B-2286) upper Ulat., LB?

B-2287) upper Ulat., LB.

B-2288) upper Ulat., LB.

B-2289) upper Ulat., LB?

B-2290) upper Ulat., LMB?

B-2291) upper Ulat., LMB to LB.
B-2292) upper Ulat. to lower Nar., LB.
B-2293) upper Ulat. to lower Nar., LB.
B-4375) upper Ulat., NED.

B-2294) upper Ulat., LMB.

B-2295) upper Ulat., LMB?

B-2296) upper Ulat., LMB?

B-4376) upper Nar.?, NED.

B-4374) upper Nar.?, NED.

EB 426B) Nar., ARF, DW.

EB 425C) Nar., DW.

EB 425A) Nar., LMB?

EB 514) Nar., DW.

EB 513) Nar., DW.

EB 512) Nar., DW.

EB 511) upper Nar., DW.

EB 361) Nar., LB?

EB 362) Nar., LB.

SH 637) upper Nar.? (RGS), ARF.
SH 706) upper Nar.? (RGS), ARF.
(Fairchild and others, 1969:

B-4384) upper Nar.?, NED.

Tb-16-2: (Melendres, 1958: MM 22) Nar., LB.

Tb-19-1: (Clark, 1966:
Tb-19-2: (Clark, 1966:
Tb-19-3: (Clark, 1966:
Tb-19-4: (Clark, 1966:
Tb-19-5: (Clark, 1966:
Tb-19-6: (Clark, 1966:

JC60-20) Ulat., DW.

JC60-37) Pen., NED.

JC60-51) Ulat., NED.

JC60-74) Nar., NED.

JC60-75) Nar., NED.

JC60-90) upper Ulat. to lower Nar., NED.
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Tb-19-7: (Clark, 1966: JC60-113) Pen.?, NED.
Tb-19-8: (Clark, 1966: JC60-115) upper Pen., LB?

Tb-19-9: (Travers, 1959: WT-78) middle Eocene or older, DW.

Tb-19-10: (Travers, 1959: WT-68) upper Eocene or older, DW, possibly LB.
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:

Tb-20-1:
Tb-20-2:
Tb-20-3:
Tb-20-4:
Tb-20-5:
Tb-20-6:
Tb-20-7:
Tb-20-8:

B-7123) Nar.
B-7124) Nar.
B-7125) Nar.
B-7126) Nar.
B-7127) Nar.
B-7128) Nar.
B-7129) Nar.
B-7130) Nar.

or Ref., DW.

or Ref., ARF, LMB?

or Ref., DW.
or Ref., LMB.
or Ref., DW
or Ref., ARF.
or Ref., ARF.
or Ref., LMB.

Tb-20-10: (Fairchild and others, 1969: B-4385) upper Nar.? NED.

Tb-20-11: (Burford, 1961: ROB 61-7 and ROB 61-2) Nar., NED.

Tb-20-12: (Burford, 1961: ROB 61-3) Nar., DW.

Tb?-26-1: (McDougall, unpublished data, 1977: MF 2984) Ulat. to lower Nar., LMB.

Tsl-9-1: (Brabb, 1960: EB 501A) Ref. to Zem. (RGS), LMB.

Tsl-9-2: (Brabb, 1960: EB 501C) Ref.? (RGS), LMB.

Tsl?-9-5: Jergins YMCA #2 well, drilled interval 4411-4417 feet. lower Zem. (RGS), MB?

Tsl?-9-6: Jergins YMCA #2 well, drilled interval 4548-4562 feet. lower Zem.? (RGS), MB to LB.

Tsl?-9-7: Jergins YMCA #2 well, drilled interval 4535-4735 feet. lower Zem.? (RGS), NED.

Tsl1?-9-14: (Touring, 1959: F767) Nar., LMB.

Tsl-10-1: (Graham and Drooger, 1952) upper Oligocene, NED.

Tsl-10-2: (Cummings, 1960: 57-848) Nar. to Zem., DW.

Tsl-10-3: (Cummings, 1960: 57-842) Nar., DW.

Tsl-10-4: Western Gulf Wells Fargo #1 well, drilled interval 2560 to 3860 feet, reported by Strom (1956).
Ref., LB.

(Fairchild and others, 1969:

(Fairchild and others, 1969:

(Fairchild and others, 1969:

(Fairchild and others, 1969: B-4359) Ref., LMB.

(Fairchild and others, 1969: B-4356) Nar. or lower Ref.?, DW.

(Cummings, 1960: 57-374) lower Zem. (RGS), LB.

Tsl-14-8: (Cummings, 1960: 56-601) lower Zem. (RGS), MB.

Tsl-14-9: (Cummings, 1960: 57-422) Ref. to Sauc. (RGS), NED.

Tsl-14-10: (Cummings, 1960: 56-698) upper Ulat. to Nar., LB.

Tsl-14-11: (Cummings, 1960: 56-699) upper Ulat. to Nar., NED.

Tsl-14-100: (Cummings, 1960: 57-6) upper Zem.? (RGS), LB.

Tsl-15-2: (Kleinpell, 1938: K-32) lower Zem. (RGS), LB.

Tsl-15-3: (Hector, 1976: SH 759) age indeterminate (RGS), ARF, DW.

Tsl-20-100: (Burford, 1961: ROB 61-16, 17, and 18) upper Zem. to Sauc. (RGS), UMB.

Tst-9-1: (Touring, 1959: F192) Eocene, ARF.

Tst-9-2: (Touring, 1959: F219) Eocene, DW.

Tst-9-3: Humble Santa Cruz Lumber Co. #1 well, drilled interval 3252-3580 feet. Nar. (RGS), MB to

LB.

Tsl-14-1:
Tsl-14-2:
Tsl-14-3:
Tsl-14-4:
Tsl-14-5:
Tsl-14-7:

B-4363) lower Zem. (RGS), LB.
B-4361) lower Zem. (RGS), LB.
B-4360) lower Zem. (RGS), LB.

Tst-14-1: (Sullivan, 1962: B-2231) Nar., DW.

Tst-14-2: (Sullivan, 1962: B-2232) Nar., ARF.

Tst-14-3: (Sullivan, 1962: B-2232; Poore and Brabb, 1977: MF 3304 and MF 1350; K. A. McDougall,
unpublished data, 1979: MF 1350) Nar., Eocene planktic foram. Zone P14, LMB, OMZ?

Tst-14-4: (Sullivan, 1962: B-2234; Poore and Brabb, 1977: MF 3305 and MF 1351; K. A. McDougall,
unpublished data, 1979: MF 1351) Nar., Eocene planktic foram. Zones P15-P16, UMB, OMZ.

Tst-14-5: (Sullivan, 1962: B-2235; Poore and Brabb, 1977: MF 3306 and MF 1352; K. A. McDougall,

unpublished data, 1979, MF 1352) upper Narizian, Eocene planktic foram. Zone P16, DW.
Tst-14-6: (Sullivan, 1962: B-2236) Nar., MB, OMZ.
Tst-14-7: (Sullivan, 1962: B-2237) Nar., MB, OMZ.



Tst-14-8: (Sullivan, 1962:
Tst-14-9: (Sullivan, 1962:
Tst-14-10: (Sullivan, 1962:
Tst-14-11: (Sullivan, 1962:
Tst-14-12: (Sullivan, 1962:
Tst-14-13: (Sullivan, 1962:
Tst-14-14: (Sullivan, 1962:
Tst-14-15: (Sullivan, 1962:
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B-2242) Nar., MB, OMZ.
B-2243) Nar., MB, OMZ.
B-2244) Nar., MB.

B-2246) Nar., MB.

B-2247) Nar., MB?

B-2248) Nar., MB.

B-2249) Nar., UMB?, OMZ.
B-2250) Nar., MB?, OMZ.

Tst-14-16A: (Poore and Brabb, 1977: MF 3308) Nar., NED.

Tst-14-16B: (K. A. McDougall, unpublished data, 1979: MF 1355) Nar., LMB?
Tst-14-16C: (K. A. McDougall, unpublished data, 1979: MF 1356) Nar., LMB.
Tst-14-16D: (K. A. McDougall, unpublished data, 1979: MF 1357) Nar., LMB.

Tst-14-17: (Sullivan, 1962
Tst-14-18: (Sullivan, 1962
Tst-14-19: (Sullivan, 1962
Tst-14-20: (Sullivan, 1962

: B-2245) Nar., MB, OMZ.
: B-2241) Nar., MB.
. B-2240) Nar., MB.
: B-2239) Nar., MB, OMZ.

Tst-14-21:
Tst-14-22:
Tst-14-23:
Tst-14-24:
Tst-14-25:
Tst-14-26:
Tst-14-27:
Tst-14-28:
Tst-14-29:

(Sullivan, 1962: B-2238) Nar., LB.

(Fairchild and others, 1969:
(Fairchild and others, 1969:
(Fairchild and others, 1969:
(Fairchild and others, 1969:
(Fairchild and others, 1969:
(Fairchild and others, 1969:
(Fairchild and others, 1969:
(Fairchild and others, 1969:

B-2297) Nar., LMB, OMZ.
B-2306) Nar., UMB?
B-2307) Nar., MB.

B-2305) Nar., MB, OMZ.
B-2304) Nar., UMB?, OMZ.
B-2303) Nar., UMB, OMZ.
B-2302) Nar., LMB, OMZ.
B-2301) Nar., UMB?, OMZ.

Tst-14-30:
Tst-14-31:
Tst-14-32:
Tst-14-33:
Tst-14-34:
Tst-14-35:
Tst-14-36:
Tst-14-37:
Tst-14-38:
Tst-14-39:
Tst-14-40:
Tst-14-41:
Tst-14-42:
Tst-14-43:
Tst-14-44:
Tst-14-45:
Tst-14-46:
Tst-14-47:
Tst-14-48:
Tst-14-49:
Tst-14-50:
Tst-14-51:
Tst-14-52:
Tst-14-53:
Tst-14-54:
Tst-14-55:
Tst-14-56:
Tst-14-57:
Tst-14-59:

(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:

EB 203B) Nar., DW.
EB 203D) Nar., DW.
EB 203C) Nar., LMB?
EB 204C) Nar., DW.
EB 204D) Nar., DW.
EB 204A) Nar., LMB?
EB 205A) Nar., MB?
EB 205J) Nar., NED.
EB 229D) Nar., DW.
EB 273) Nar., DW.

EB 450) Nar., DW.

EB 256B) Nar., MB.
EB 247) Nar., MB.

EB 310A) Nar., DW.
EB 453) Nar., NED.
EB 347) Nar., DW.

EB 132) Nar., DW.

EB 12) Nar., DW.

EB 5) Nar., DW.

EB 99) Nar., DW.

EB 130) Nar., ARF, DW.
EB 71) Nar., ARF, DW.
EB 105) Nar., MB.

EB 495) Nar., ARF, DW.
EB 494C) Nar., NED.
EB 494B) Nar., LB?

EB 494A) Nar., NED.
EB 288) Nar., NED.

(Sullivan, 1962: B-2251) Refugian according to Sullivan (1962) and Poore and Brabb (1977),
but Narizian according to McDougall (unpublished data, 1979), LMB.



Tst-15-1:
Tst-15-2:
Tst-15-3:
Tst-15-4:
Tst-15-5:
Tst-15-6:
Tst-15-7:
Tst-15-8:
Tst-15-9:

Tst-19-1:
Tst-20-1:
Tst-20-2:
Tst-20-3:
Tst-20-4:
Tst-20-5:
Tst-20-6:
Tst-20-7:
Tst-20-8:
Tst-20-9:
Tst-20-10: (Smith, 1971:
Tst-20-11: (Smith, 1971:
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(Fairchild and others, 1969: B-4357) Nar.?, DW.
(Fairchild and others, 1969: B-4358) Nar.?, MB.

(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
Tst-15-10: (Brabb, 1960:
Tst-15-11: (Brabb, 1960:
Tst-15-12: (Brabb, 1960:
Tst-15-13: (Brabb, 1960:
(Brabb, 1960:

(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:

EB 363B) Nar., DW.

EB 363C) Nar., ARF.

EB 419A) Nar., MB, OMZ.
EB 419C) Nar., LMB?

EB 366B) Nar., ARF.

EB 366C) Nar., MB, OMZ.
EB 366D) Nar., MB?

EB 366E) Nar., DW.

EB 367A) Nar., LB?

EB 367B) Nar., LMB?
EB 510) Nar., DW.

EB 507) Nar.? MB.
B-7109) Nar., ARF.
B-7108) Nar., LMB to LB.
B-7107) Nar., ARF.
B-7106) Nar., ARF.
B-7105) Nar., LMB?
B-7110) Nar., ARF.
B-7111) Nar., LB?, OMZ.
B-7112) Nar., LB?
B-7113) Nar., NED.

B-7114) Nar., DW.
B-7115) Nar., ARF.

Tst-20-12: (Burford, 1961: ROB 61-6) Ref.? near Refugian-Narizian boundary, DW.

Tsr-9-1:

Tsr-9-2:

Tsr-9-3:

Tsr-9-4:

Tsr-9-5:

Tsr-10-1:
Tsr-10-2:

Tsr-14-1:
Tsr-14-2:
Tsr-14-3:
Tsr-14-4:
Tsr-14-5:

Tsr-14-6:

Tsr-14-7:

Tsr-14-8:
Tsr-14-9:

Humble Santa Cruz Lumber Co. #1 well, drilled interval 1940-2210 feet. lower Zem. (RGS),
LB.
Humble Santa Cruz Lumber Co. #1 well, drilled interval 2240-2270 feet. lower Zem. (RGS),
LB?
Humble Santa Cruz Lumber Co. #1 well, drilled interval 2270-2300 feet. lower Zem. (RGS),
LB?
Humble Santa Cruz Lumber Co. #1 well, drilled interval 2810-2840 feet. lower Zem. (RGS),
MB.
Humble Santa Cruz Lumber Co. #1 well, drilled interval 2930-2960 feet. Ref. (RGS), NED,
possibly LB.
(Cummings, 1960: 57-505) Nar. to Zem., NED.
Western Gulf Wells Fargo #1 well, drilled interval 2060-3140 feet. Ref.? to lower Zem. (RGS),
LB.
(Sullivan, 1962: B-2252) Ref., LMB.
(Sullivan, 1962: B-2253) Ref., LMB.
(Sullivan, 1962: B-2254) Ref., LMB.
(Sullivan, 1962: B-2255) Refugian according to Sullivan (1962) and Poore and Brabb (1977),
but lower Zemorrian according to McDougall (unpublished data, 1979), LMB.
(Sullivan, 1962: B-2256) Refugian according to Sullivan (1962) and Poore and Brabb (1977),
but could be lower Zemorrian (RGS), LMB?
(Poore and Brabb, 1977: MF 1366; K. A. McDougall, unpublished data, 1979: MF 1366) lower
Zemorrian, Oligocene planktic foram. Zones P19-P20, Oligocene nannofossil Zones NP23-
NP25, DW.
(Poore and Brabb, 1977: MF 2700; K. A. McDougall, unpublished data, 1979: MF 2700) lower
Zemorrian, Oligocene planktic foram. Zones P19-P20, LMB.
(Sullivan, 1962: B-2257) lower Zem., LMB?
(Poore and Brabb, 1977: MF 2701; K. A. McDougall, unpublished data, 1979: MF 2701) lower
Zem., Oligocene planktic foram. Zones P19-P20, DW.

Tsr-14-10A: (Sullivan, 1962: B-2258; Poore and Brabb, 1977: MF 3310) lower Zem., Oligocene planktic
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foram. Zones P19-P20, Oligocene nannofossil Zones NP23-NP25, LMB.
Tsr-14-10C: (K. A. McDougall, unpublished data, 1979: MF 1368) lower Zem., NED.

Tsr-14-11:
Tsr-14-12:
Tsr-14-14:
Tsr-14-15:
Tsr-14-16:
Tsr-14-17:
Tsr-14-18:
Tsr-14-19:
Tsr-14-20:
Tsr-14-21:
Tsr-14-22:
Tsr-14-23:
Tsr-14-24:
Tsr-14-25:
Tsr-14-26:
Tsr-14-27:
Tsr-14-28:
Tsr-14-29:
Tsr-14-30:
Tsr-14-31:
Tsr-14-32:

(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:
(Sullivan, 1962:

(Fairchild and
(Fairchild and
(Fairchild and

B-2259) lower Zem., LMB.

B-2260) lower Zem., LMB.

B-2261) lower Zem., LB.

B-2262) lower Zem., LB.

B-2263) lower Zem., LB.

B-2264) lower Zem., LB.

B-2265) lower Zem., LB.

B-2266) lower Zem., LB.

B-2267) lower Zem., LB.

B-2268) lower Zem., LMB.

B-2269) lower Zem., LMB.

B-2270) lower Zem., LB.

B-2271) lower Zem., LB.

B-2272) lower Zem., LMB.

B-2273) lower Zem., LMB.

B-2274) lower Zem., LMB?

B-2275) lower Zem., LB?

B-2276) lower Zem., LMB.

others, 1969: B-2300) lower Zem?, LB.
others, 1969: B-2299) lower Zem.?, LB.
others, 1969: B-2298) lower Zem.?, LB?

Tsr-14-33:
Tsr-14-34:
Tsr-14-35:;
Tsr-14-36:
Tsr-14-37:
Tsr-14-38:
Tsr-14-39:
Tsr-14-40:

(Fairchild and others, 1969: B-4362) Ref. to lower Zem. (RGS), LMB?

(K. A. McDougall, unpublished data, 1979: MF 1360) lower Ref., LMB.
(K. A. McDougall, unpublished data, 1979: MF 1361) lower Ref., LMB?
(K. A. McDougall, unpublished data, 1979: MF 1362) lower Ref., NED.
(K. A. McDougall, unpublished data, 1979: MF 1364) upper Ref., NED.
(K. A. McDougall, unpublished data, 1979: MF 1365) upper Ref., NED.
(K. A. McDougall, unpublished data, 1979: MF 1367) lower Zem., NED.

Tsr-14-41:
Tsr-14-42:
Tsr-14-43:
Tsr-14-44:
Tsr-14-45:
Tsr-14-46:
Tsr-14-47:
Tsr-14-48:
Tsr-14-49:
Tsr-14-50:
Tsr-14-51:
Tsr-14-52:
Tsr-14-53:
Tsr-14-54:
Tsr-14-55:
Tsr-14-56:
Tsr-14-57:
Tsr-14-58:
Tsr-14-59:
Tsr-14-60:
Tsr-14-61:
Tsr-14-62:
Tsr-14-63:
Tsr-14-64:

(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:

EB 205C) Ref., LMB?

EB 205H) Ref., LB.

EB 205D) Ref., LB.

EB 205F) Ref., LMB.

EB 205M) lower Zem. (RGS), NED.

EB 206) lower Zem. (RGS), LB.

EB 223A) lower Zem. (RGS), LB.

EB 37) Ref. or lower Zem. (RGS), LB.
EB 197) Ref. or lower Zem. (RGS), LB.
EB 93) Ref. or lower Zem. (RGS), NED.
EB 216) lower Zem. (RGS), LB.

EB 222) Ref. or lower Zem. (RGS), NED.
EB 95) lower Zem. (RGS), LB.

EB 394) Ref. or lower Zem. (RGS), LMB?
EB 391) Ref. or lower Zem. (RGS), NED.
EB 254) lower Zem.? (RGS), LB.

EB 389) Ref. or lower Zem. (RGS), LB.
EB 332) lower Zem.? (RGS), LB?

EB 451) Ref. or lower Zem. (RGS), NED.
EB 393) lower Zem. (RGS), LB.

EB 392) Ref. or lower Zem. (RGS), LB.
EB 380) lower Zem. (RGS), LB.

EB 416) Ref. or lower Zem. (RGS), LMB?
EB 207) lower Zem. (RGS), LB?

EB 287) Zem., NED.



Tsr-14-65:
Tsr-14-66:
Tsr-14-67:
Tsr-14-68:
Tsr-14-69:
Tsr-14-70:
Tsr-14-71:
Tsr-14-72:
Tsr-14-73:
Tsr-14-74:
Tsr-14-75:
Tsr-14-76:
Tsr-14-77:
Tsr-14-78:
Tsr-14-79:
Tsr-14-80:
Tsr-14-81:
Tsr-14-82:
Tsr-14-83:
Tsr-14-84:
Tsr-14-85:
Tsr-14-86:
Tsr-14-87:
Tsr-14-88:
Tsr-14-89:

(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
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EB 211) lower Zem. (RGS), LMB.

EB 478) lower Zem. (RGS), LMB.

EB 496) Zem., NED.

EB 493B) lower Zem. (RGS), LB.

EB 493A) lower Zem. (RGS), LB.

EB 178) Ref. or lower Zem. (RGS), LB.
EB 276) Ref. or lower Zem. (RGS), LMB?
EB 395C) Ref. or lower Zem. (RGS), NED.
EB 246) Ref. or lower Zem. (RGS), LB.
EB 409) Ref. or lower Zem. (RGS), NED.
EB 410) lower Zem. (RGS), NED.

EB 378) Ref. or lower Zem. (RGS), LB.

EB 386) Ref.-lower Zem. boundary (RGS), NED.

EB 385) lower Zem. (RGS), NED.

EB 383) Ref. or lower Zem. (RGS), LMB.
EB 312) Ref. or lower Zem. (RGS), NED.
EB 60) Ref. or lower Zem. (RGS), LB.
EB 179) Ref. or lower Zem. (RGS), LB.
EB 395A) Ref., UB.

EB 384) Ref., LMB.

EB 279) Ref., MB.

EB 277) Ref. to lower Zem. (RGS), LMB.
EB 275) Ref. to lower Zem. (RGS), LMB.
EB 282) Ref., LMB.

EB 256A) Ref MB.

Tsr?-14-105: (Kleinpell, 1938: LSJU 363) lower Zem. (RGS), LMB.
Tsr-14-106: (Kleinpell, 1938: LSJU 363B) lower Zem. (RGS), LB.

Tsr-14-107: (Kleinpell, 1938: LSJU 363C) lower Zem. (RGS), LB?
Tsr-14-107X: (Kleinpell, 1938: LSJU 1163) lower Zem. (RGS), LB.

Tsr-14-118:
Tsr-14-119:
Tsr-14-120:
Tsr-14-121:
Tsr-14-123:
Tsr-14-127:

Tsr-15-1:
Tsr-15-2:
Tsr-15-3:
Tsr-15-4:
Tsr-15-5:
Tsr-15-6:
Tsr-15-7:
Tsr-15-8:
Tsr-15-9:

Tsr-15-10:
Tsr-15-11:
Tsr-15-12:
Tsr-15-13:
Tsr-15-22:
Tsr-15-24:
Tsr-15-25:
Tsr-15-27:
Tsr-15-33:
Tsr-15-34:
Tsr-15-35:

(Cummings, 1960: 57-419) Nar. to Zem., NED.
(Cummings, 1960: 57-285) Zem. (RGS), LMB?
(Cummings, 1960: 56-586) Zem. (RGS), LB.
(Cummings, 1960: 56-584) Nar. to Zem., NED.
(Cummings, 1960: 57-341) Nar. to Zem., NED.
(Kleinpell, 1938: LSJU 1103) lower Zem. (RGS), LB.

(Fairchild and others, 1969: B-4377) lower Zem., LB.

(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:

(Brabb, 1960:

EB 367D) Ref., LMB.

EB 367F) Re., LMB.

EB 365A) Ref., NED.

EB 365B) Ref., LMB?

EB 364B) Zem., LB?

EB 420D) lower Zem. (RGS), LB.

EB 420B) lower Zem. (RGS), LB?

EB 421A) lower Zem. (RGS), LMB.
EB 422B) lower Zem. (RGS), LB.
EB 468) Ref. or lower Zem. RGS), NED.
EB 313) lower Zem. (RGS), LB.
EB 469) Ref., NED.

(McCollom, 1959: LSJU M-4) Zem., NED, possibly LB.
(Burchfiel, 1958: LSJU M-5) lower Zem., NED.
(Burchfiel, 1958: LSJU 1767) lower Zem., NED.
(Burchfiel, 1958: C7) Zem., LB?

(Hector, 1976: SH 399) lower Zem.? (RGS), ARF, DW.
(Hector, 1976: SH 485) lower Zem.? (RGS), ARF, LMB?
(Hector, 1976: SH 491) lower Zem.? (RGS), LB.
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Tsr-16-1:
Tsr-16-2:
Tsr-16-3:
Tsr-19-1:
Tsr-19-2:
Tsr-20-1:
Tsr-20-2:
Tsr-20-3:
Tsr-20-4:
Tsr-20-5:
Tsr-20-6:
Tsr-20-7:
Tsr-20-8:
Tsr-20-9:

(Fairchild and others, 1969: B-4386) Zem. to lower Sauc., LMB-LB boundary.
(Melendres, 1958: MM17) Ref. or Zem. (RGS), ARF, LMB or deeper.
(Melendres, 1958: MM18) upper Eocene, ARF.

(Brabb, 1960: EB 508) lower Zem. (RGS), UMB?

(Travers, 1959: WT 64) Ref.?, NED, possibly LMB.

(Smith, 1971: B-7103) lower Zem., LB, OMZ?

(Smith, 1971: B-7102) lower Zem., LB.

(Smith, 1971: B-7101) lower Zem., LB.

(Smith, 1971: B-7100) lower Zem., ARF.

(Smith, 1971: B-7099) lower Zem., LB, OMZ?

(Smith, 1971: B-7098) lower Zem., LB.

(Smith, 1971: B-7097) lower Zem., LB.

(Smith, 1971: B-7096) lower Zem., LB, OMZ?

(Smith, 1971: B-7095) lower Zem., ARF, OMZ?

Tsr-20-10:
Tsr-20-11:
Tsr-20-12:
Tsr-20-13:
Tsr-20-14:
Tsr-20-15:

(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:
(Smith, 1971:

B-7117) lower Zem., LB.
B-7118) lower Zem., LB.
B-7119) lower Zem., LB.
B-7120) lower Zem., LB.
B-7121) lower Zem., LB.
B-7122) lower Zem., LB.

Tsr-20-16:
Tsr-20-17:
Tsr?-20-19:
Tsr-20-20:
Tsr-20-21:
Tsr-20-22:
Tsr-20-23:
Tsr-20-24:
Tsr-20-25:
Tsr-20-26:
Tsr-20-27:
Tsr-20-28:

(Fairchild and others, 1969, B-4388) lower Zem., (RGS), LB.
(Fairchild and others, 1969, B-4387) lower Zem., (RGS), LB?
(Burford, 1961: ROB 61-22) lower Zem., NED.

(Burford, 1961: ROB 61-27) lower Zem., LB.

(Burford, 1961: ROB 61-38) lower Zem., LB?

(Burford, 1961: ROB 61-10) lower Zem., MB?

(Burford, 1961: ROB 61-14) lower Zem., DW.

(Burford, 1961: ROB 61-9) lower Zem., LB?

(Burford, 1961: ROB 61-8 and EB 574) Ref., DW.
(Burford, 1961: ROB 61-1) Ref.?, DW.

(Melendres, 1958: MM25) lower Zem. (RGS), LB.

(Smith, 1971: B-7104) Ref., NED.

Tsr-20-29: (Smith, 1971: B-7116) Ref., NED.

Tsr-20-31: (McCollom, 1959: EB 412) lower Miocene, ARF.

Tsr-21-1: (reference withheld by request) lower Zem. (RGS), LB.
Tos-6-1: (Poore, unpublished data, 1978: MF 2534) middle Eocene planktic foram. Zones P12-P14, DW.
Tos-9-1: (Cummings, 1960: 57-750) upper Zem. to Sauc. (RGS), LMB?
Tos-9-2: (Cummings, 1960: 57-265) upper Zem. (RGS), UB?, OMZ?
Tos-9-3: (Cummings, 1960: 57-813) upper Zem. (RGS), UB?

Tos-9-5: (Touring, 1959: F198) Oligocene, NED.

Tos-9-6: (Touring, 1959: F200) Oligocene, NED.

Tos-9-7: (Touring, 1959: F223) Oligocene, NED.

Tos-9-8: (Touring, 1959: F225) upper Zem. (RGS), LMB.

Tos-9-9: (Touring, 1959: F226) Zem.?, MB.

Tos-9-10: (Touring, 1959: F227) Zem. to Sauc. (RGS), LMB?

Tos-9-11: (Touring, 1959: F228) Zem.?, LMB?

Tos-9-12: (Touring, 1959: F231) upper Zem.? (RGS), LMB?

Tos-9-13: (Touring, 1959: F232) age indeterminate, LMB?

Tos-9-14: (Touring, 1959: F233) upper Zem.? (RGS), LB.

Tos-9-15: (Touring, 1959: F234) upper Zem.? (RGS), LMB.

Tos-9-16: (Touring, 1959: F236) Zem.? DW.

Tos-9-17: (Touring, 1959: F241M) upper Zem.? (RGS), LMB.

Tos-9-18: (Touring, 1959: F270) Zem. to Sauc. (RGS), LMB.

Tos-9-19: (Touring, 1959: F272) Zem., LMB.

Tos-9-20: (Touring, 1959: F274) lower Zem.? (RGS), LB.



Tos-9-21
Tos-9-22
Tos-9-23
Tos-9-24
Tos-9-25
Tos-9-26
Tos-9-27
Tos-9-28
Tos-9-29
Tos-9-30
Tos-9-31
Tos-9-32
Tos-9-33
Tos-9-34
Tos-9-35
Tos-9-36
Tos-9-37
Tos-9-38
Tos-10-1
Tos-10-2
Tos-10-3
Tos-10-4
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: (Touring, 1959: F275) Zem. to Sauc. (RGS), LMB.

: (Touring, 1959: F278) Zem. to Sauc. (RGS), UMB?, OMZ.
: (Touring, 1959: F279) Zem. to Sauc. (RGS), LMB, OMZ.
: (Touring, 1959: F281) Zem. to Sauc. (RGS), MB, OMZ.
: (Touring, 1959: F282) Oligocene, UB, OMZ.

: (Touring, 1959: F284) upper Zem.? (RGS), LB.

: (Touring, 1959: F285) upper Zem. (RGS), LB.

: (Touring, 1959: F310) Oligocene, NED.

: (Touring, 1959: F315) Oligocene, NED.

: (Touring, 1959: F323) Oligocene, ARF.

: (Touring, 1959: F330) Oligocene, DW.

: (Touring, 1959: F331M) upper Zem.? (RGS), LB, OMZ?,
: (Touring, 1959: F335) Nar., NED.

: (Touring, 1959: F753) Zem. to Sauc. (RGS), NED.

: (Touring, 1959: F769) Zem. to Sauc. (RGS), MB, OMZ?
: (Touring, 1959: F798) Zem., UB, OMZ.

: (Touring, 1959: F804) Oligocene, LMB?

: (Touring, 1959: F797) upper Zem. (RGS), MB.

: (Cummings, 1960: 57-747) upper Zem. (RGS), LB.

: (Cummings, 1960: 57-808) upper Zem. (RGS), LB?

: (Cummings, 1960: 57-922) Nar. to Zem., NED.

: (Cummings, 1960: 57-756) Zem. to lower Sauc., DW.

Tos-10-4X: (Cummings, 1960: 56-172) upper Pen. to lower Ulat., LMB.

Tvw-6-1:
Tvw-6-2:
Tvw-6-3:
Tvw-6-4:
Tvw-6-5:
Tvw-6-6:
Tvw-6-T:

Tve-9-1:

Tve-9-2:
Tve-9-3:
Tvc-9-4:

(Mack, 1959: RE-219m) Zem. or younger, possibly upper Zem. (RGS), ARF.

(Mack, 1959: JM-225m) Zem., possibly upper Zem. (RGS), DW.

(Mack, 1959: JM-226m) Zem., possibly upper Zem. (RGS), ARF.

(Mack, 1959: JM-99m) Zem., possibly upper Zem. (RGS), ARF.

(Mack, 1959: JM101m) Zem., possibly upper Zem. (RGS), LMB.

(Classen, 1959: C-100) upper Zem.? (RGS), LMB.

(Classen, 1959: 14-59) Zem., possibly upper Zem. (RGS), ARF.

Humble Santa Cruz Lumber Co. #1 well, drilled interval 1880-1910 feet. lower Zem. (RGS),
LMB to LB.

Jergins YMCA #2 well, drilled interval 3004-3035 feet. lower Zem.? (RGS), LMB to LB?

Jergins YMCA #2 well, drilled interval 3035-3040 feet. lower Zem.? (RGS), NED.

Jergins YMCA #1 well, drilled interval 2324-2327 feet. lower Zem.? (RGS), LB.

Tve-10-1: (Cummings, 1960: 56-238) upper Zem. to Sauc. (RGS), UMB?

Tvc-10-2: (Cummings, 1960: 57-222) lower Zem. (RGS), UMB?

Tve-10-4: (Cummings, 1960: 57-885) upper Zem.? (RGS), NED.

Tvc-10-8: Western Gulf Wells Fargo #1 well, drilled interval 1440-1727 feet. upper Zem.? to Sauce.

(RGS), LB.

Tvc-10-9: Western Gulf Wells Fargo #1 well, drilled interval 2020-2040 feet. lower Zem. (RGS), LB.
Tvec-14-1: (Sullivan, 1962: B-2277) lower Zem., LB.

Tvc-14-2: (Fairchild and others, 1969: B-4370) lower Zem., LMB to LB?

Tvc-14-3: (Fairchild and others, 1969: B-2312) lower Zem., LMB to LB.

Tvec-14-4: (Fairchild and others, 1969: B-4364) lower Zem., LB.

Tvec-14-5: (Fairchild and others, 1969: B-4368) lower Zem. (RGS), LMB-LB boundary.

Tve-14-6: (Fairchild and others, 1969: B-4366) lower Zem.

RGS), LB.

?
Tve-14-7: (Fairchild and others, 1969: B-4365) lower Zem. (RGS), LMB-LB boundary.
Tvc-14-8: (Fairchild and others, 1969: B-4367) lower Zem. (RGS), LB.

Tvc-14-9: (Brabb, 1960: EB 236) lower Zem. (RGS), UB?

Tvc-14-10: (Brabb, 1960: EB 491) lower Zem. (RGS), NED.

Tvc-14-11: (Brabb, 1960: EB 36) Zem., LB.

Tvc-14-12: (Brabb, 1960: EB 459B) lower Zem. (RGS), LB.

Tvec-14-13: (Brabb, 1960: EB 377) Zem., LB.

Tvc-14-14: (Brabb, 1960: EB 223H) lower Zem. (RGS), LB.



Tvc-14-15:
" Tvc-14-16:
Tvc-14-17:
Tvc-14-18:
Tvc-14-19:
Tvc-14-20:
Tve-14-21:
Tvc-14-22:
Tvc-14-23:
Tvc-14-30:
Tvec-14-31:
Tvc-14-32:

(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
(Brabb, 1960:
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EB 223F) lower Zem. (RGS), LB.
EB 302) lower Zem. (RGS), LB.
EB 280) lower Zem. (RGS), LB.
EB 55) Zem., LMB?

EB 223C) lower Zem. (RGS), LB.
EB 181) Zem., LMB.

EB 126) Zem., ARF.

EB 186) Zem., ARF, DW.

EB 194) Zem., ARF.

EB 315) upper Zem., LMB to LB.
EB 316) upper Zem., LMB to LB.
EB 319) upper Zem.,LMB to LB.

Tvc-14-33:
Tvc-14-34:
Tvc-14-36:
Tvc-14-37:
Tvc-14-38:
Tve-14-39:
Tvc-14-40:
Tve-14-41:
Tvc-14-42:
Tvc-14-43:
Tvc-14-47:
Tvc-14-48:
Tve-14-49:
Tve-14-50:
Tve-15-1:
Tve-15-2:
Tve-15-3:
Tve-15-4:
Tve-15-5:
Tve-15-6:
Tve-15-7:

(Kleinpell, 1938: LSJU 1162) lower Zem. (RGS) LB.
(Kleinpell, 1938: LSJU 364) Zem.? (RGS), LMB.
(Cummings, 1960: 57-297) upper Zem. to Sauc. (RGS), NED.
(Cummings, 1960: 57-27) Zem. to lower Sauc. (RGS), NED.
(Cummings, 1960: 57-1) upper Zem? (RGS), UMB, OMZ?
(Cummings, 1960: 56-536) upper Zem. to Sauc. (RGS), LMB.
(Cummings, 1960: 57-289) upper Zem. to Sauc.? (RGS), UB.
(Cummings, 1960: 57-227) lower Zem.? (RGS), NED.
(Cummings, 1960: 57-426) Zem. (RGS), NED.
(Cummings, 1960: 57-318) Zem. to lower Sauc., UB.
(McCollom, 1959: EB 267) Zem.?, ARF, possibly LMB.
(McCollom, 1959: F5) age indeterminate, NED, possibly LB.
(Barrow, 1980) upper Zem.? (RGS), UB to UMB.
(Leon, 1958: 39) Zem. (RGS), MB.
(Fairchild and others, 1969: B-4369) upper Zem.? (RGS), LMB.
(Fairchild and others, 1969: B-4378) lower Zem., LB.
(Fairchild and others, 1969: B-4379) upper Zem., MB to LB.
(Fairchild and others, 1969: B-4380) upper Zem., LMB to LB.
(Fairchild and others, 1969: B-4381) upper Zem., LB.
(Fairchild and others, 1969: B-4382) upper Zem., LMB to LB.
(Fairchild and others, 1969: B-4383) upper Zem., LMB.
Tve-15-8: (K. A. McDougall, unpublished data, 1979: MF 4683) lower Zem., LMB.
Tve-15-9: (K. A. McDougall, unpublished data, 1979: MF 4681) upper Zem., LB.
Tvec-15-10: (K. A. McDougall, unpublished data, 1979: MF 4679) upper Zem., LMB to LB.
Tve-15-11: (K. A. McDougall, unpublished data, 1979: MF 4677) upper Zem., LMB, near UMB-LMB
boundary, OMZ?
Tvec-15-12: (K. A. McDougall, unpublished data, 1979: MF 4682) lower Zem., LB. OMZ?
Tvc-15-13: (Brabb, 1960: EB 423C) lower Zem.? (RGS), LB.
Tvc-15-14: (Brabb, 1960: EB 424C) lower Zem. (RGS), LMB.
Tve-15-15: (Brabb, 1960: EB 427B) lower Zem. (RGS), LB?
Tvc-15-16: (Brabb, 1960: EB 427C) lower Zem. (RGS), LB.
Tve-15-17: (Brabb, 1960: EB 428B) lower Zem. (RGS), LB.
Tvc-15-18: (Brabb, 1960: EB 368B) lower Zem.? (RGS), LB?
Tvc-15-21: (Kleinpell, 1938: LSJU 1744) Sauc. (RGS), LMB.
Tvc-15-29: (McCollom, 1959: LSJU M-1 and LF 157A) lower Sauc.?, LMB.
Tvc-15-30: (Burchfiel, 1958: LSJU M-2 and LF 163A) lower Zem., LMB.
Tvc-15-40: (Kleinpell, 1938: LSJU 987) lower Zem. (RGS), LB.
Tve-15-41: (Kleinpell, 1938: LSJU 1102) lower Zem. (RGS), LB.
Tvc-15-44: (Travers, 1959: WT 54) lower Zem.? (RGS), LB.
Tvc-15-45: (Travers, 1959: WT 52) lower Zem.? (RGS), LB.
Tvc-15-46: (Travers, 1959: WT 49) Zem.? (RGS), ARF.
Tvc-15-47: (Travers, 1959: WT 44) upper Zem., LB.
Tvc-15-48: (Travers, 1959: WT 43) upper Zem., LMB.
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Tvc-15-49: (Travers, 1959: WT 35) Zem.? (RGS), NED.
Tve-15-50: (Travers, 1959: WT 30) upper Zem., LB.

Tve-15-51: (Travers, 1959: WT 29) upper Zem., MB.

Tvc-15-52: (Travers, 1959: WT 26) upper Zem., UMB.

Tvc-15-53: (Travers, 1959: WT 25) upper Zem., UMB.

Tvc-15-54: (Travers, 1959: WT 24) Zem.? (RGS), NED.
Tve-15-55: (McCollom, 1959: RM 2) Zem.-Sauc. boundary (RGS), UMB?
Tve-15-56: (McCollom, 1959: RM 5) lower Zem., NED, possibly UB.
Tve-15-57: (McCollom, 1959: RM 6) lower Zem., LMB to LB.
Tvc-15-58: (McCollom, 1959: RM 7) lower Zem., LB?

Tve-15-59: (McCollom, 1959: RM 8) lower Zem., LMB to LB.
Tve-15-60: (McCollom, 1959: RM 9) lower Zem., LB?

Tve-15-61: (McCollom, 1959: RM 10) upper Zem. (RGS), MB.
Tvc-15-62: (McCollom, 1959: RM 11) Zem., NED, possibly LB.
Tvc-15-63: (McCollom, 1959: RM 12) Zem., NED, possibly LB.
Tvc-15-64: (McCollom, 1959: RM 13) upper Zem.? (RGS), UMB?
Tvc-15-65: (McCollom, 1959: RM 14) Zem., MB.

Tve-15-66: (Hector, 1976: SH 177) Zem.? (RGS), ARF, LMB to LB?
Tve-15-67: (Hector, 1976: SH 317) Zem.? (RGS), ARF.

Tve-15-68: (Hector, 1976: SH 342) Zem.? (RGS), ARF, LMB?
Tve-15-69: (Hector, 1976: SH 500) Zem.? (RGS), NED.

Tvc-15-70: (Hector, 1976: SH 708) lower Zem.? (RGS), ARF, DW.
Tvc-15-71: (Hector, 1976: SH 709) lower Zem.? (RGS), DW.
Tvc-15-72: (Hector, 1976: SH 713) Zem. (RGS), LMB to LB?
Tvc-15-73: (Hector, 1976: UO 12) Zem. or younger (RGS), DW.
Tvc-15-74: (Hector, 1976: UO 15) Zem.? (RGS), ARF.

Tve-15-75: (Hector, 1976: UO 34) Zem., possibly upper Zem. (RGS), NED.
Tve-15-76: (Hector, 1976: UO 18) Zem. or younger? (RGS), DW.
Tvec-15-77: (Hector, 1976: UO 196) Zem.? (RGS), ARF.
Tve-15-78: (Hector, 1976: UO 218) Zem.? (RGS), NED.
Tvc-15-79: (Hector, 1976: UO 271) upper Zem.? (RGS), UMB.
Tvc-15-80: (Hector, 1976: UO 287A) lower Zem., LB?

Tve-15-81: (Hector, 1976: UO 287B) lower Zem., NED.
Tvec-15-82: (Hector, 1976: UO 288) lower Sauc., NED.

Tve-15-83: (Hector, 1976: UO 319) lower Miocene, DW.
Tvc-15-84: (Hector, 1976: UO 700) lower Zem., LB.

Tvc-16-1: (Brabb, 1960: EB 414) upper Zem. (RGS), LB?
Tvl-19-1: (Clark, 1966: JC7B) upper Zem., IS.

Tvl-19-2: (Clark, 1966: JC7C) upper Zem., IS.

Tvl-19-4: (Clark, 1966: JC60-42) Sauc., NED.

Tvl-19-5: (Clark, 1966: JC61-2) lower Sauc., UB?

Tvl-19-6: (Clark, 1966: JC61-14) lower Sauc., NED.

Tvc-20-1: (Clark, 1966: JC61-7) upper Zem., LMB.

Tve-20-2: (Smith, 1971: B-7094) lower Zem., LB.

Tvc-20-3: (Smith, 1971: B-7093) lower Zem., LB.

Tvc-20-4: (Smith, 1971: B-7092) lower Zem., LMB.

Tve-20-5: (Fairchild and others, 1969: B-4390) lower Sauc., MB?
Tvc-20-6: (Fairchild and others, 1969: B-4395) lower Zem., LMB.
Tvc-20-7: (Fairchild and others, 1969: B-4394) lower Zem., LMB.
Tvc-20-8: (Fairchild and others, 1969: B-4393) lower Zem., LMB.
Tvc-20-9: (Fairchild and others, 1969: B-4392) lower Zem., LMB.
Tvec-20-10: (Fairchild and others, 1969: B-4389) Zem.? (RGS), LMB.
Tvc-20-11: (Fairchild and others, 1969: B-4391) lower Zem., LMB.
Tve-20-12: (Brabb, 1960: EB 413) upper Zem. (RGS), LMB.
Tvc-20-13: (Burford, 1961: ROB 61-13) Zem. (RGS), UMB?
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Tvc-20-14: (Burford, 1961: ROB 1014L and ROB 1014C) lower Zem., NED.

Tvc-20-15: (Burford, 1961: ROB 61-19) lower Zem., LB.

Tvc-20-16: (Burford, 1961: ROB 1012) lower Zem., LB.

Tvc-20-17: (Burford, 1961: ROB 61-12) lower Zem., LB.

Tvc¢-20-18: (Burford, 1961: ROB 61-11) Zem. (RGS), LMB?

Tvc-20-21: (McCollom, 1959: HM 23) upper Zem. (RGS), LB.

Tvc-20-22: (Melendres, 1958: MM27) upper Zem.? (RGS), ARF.

Tvc-20-23: (McCollom, 1959: HM 16) upper Zem. (RGS), LMB.

Tvc-20-24: (Melendres, 1958: MM4) upper Zem. (RGS), LMB.

Tvc-20-25: (Melendres, 1958: MM28) upper Zem. (RGS), LB?

Tvc-20-26: (Melendres, 1958: HM 16a) upper Zem.? (RGS), MB.

Tvc-21-1: (reference witheld by request) lower Zem. (RGS), LB.

Tvc-26-1: Monterey Oil Co. Porter #2 well, drilled interval 1869-1885 feet. lower Zem.? (RGS), LB.
Tvc-26-2: Monterey Oil Co. Porter #2 well, drilled interval 2286-2294 feet. lower Zem. (RGS), LB.
Tvc-26-3: Monterey Oil Co. Porter #2 well, drilled interval 2641-2646 feet. lower Zem. (RGS), LB.
Tvc-26-4: Monterey Oil Co. Porter #2 well, drilled interval 3545-3560 feet. lower Zem.? (RGS), LB?
Tmb-5-1: (Touring, 1959: F698) upper Zem. to Sauc. (RGS), UB?

Tmb-5-2: (Mack, 1959: JM-174m) upper Zem., UMB, OMZ?

Tmb-6-1: (Mack, 1959: JM-8m) Sauc., MB, OMZ?

Tmb-6-2: (Mack, 1959: JM-21m) Sauc., DW.

Tmb-6-3: (Mack, 1959: JM-25m) Sauc., ARF, DW.

Tmb-6-4: (Mack, 1959: JM-68m) Zem. to Sauc. (RGS), DW.

Tmb-9-1: (Touring, 1959: F763) Zem. to Sauc. (RGS), UMB.

Tmb-9-2: (Touring, 1959: F796) Sauc.? (RGS), UB?

Tmb-9-3: (Jergins YMCA #1 well, drilled interval 1271- 1274 feet. lower Zem.? (RGS), NED.
Tmb-9-4: Jergins YMCA #1 well, drilled interval 1310- 1350 feet. lower Zem.? (RGS), LMB to LB.
Tmb-10-1: (Turner, 1970: 28aF5) upper Zem., MB.

Tmb-10-2: (Turner, 1970: 28bF2) upper Zem., MB.

Tmb-10-4: (Cummings, 1960: 57-169) upper Zem. to lower Sauc. (RGS), LMB.

Tmb-10-5: (Cummings, 1960: 56-345) upper Zem. (RGS), LB.

Tmb-10-6: (Touring, 1959: F774) Zem. (RGS), MB?

Tla-5-1: (Mack, 1959: JM-370m) Sauc., LB?

Tla-5-2: (Mack, 1959: JM-383m) Sauc., LB?

Tla?-6-3: (Poore, unpublished data, 1978: MF 2568) Miocene planktic foram. Zones N7-N12, DW.
Tla-6-4: (Mack, 1959: RE-76m) upper Zem., LMB.

Tla-6-5: (Mack, 1959: RE-124m) Zem. to Sauc.? (RGS), NED.

Tla-6-6: (Mack, 1959: RE-128m) upper Zem., LMB.

Tla?-6-7: (Mack, 1959: RE-132m) Zem. or younger (RGS), NED.

Tla-6-8: (Mack, 1959: JM-109m) Sauc., LMB.

Tla-6-9: (Mack, 1959: JM-115m) Sauc., LMB.

Tla-6-10: (Mack, 1959: JM-137m) Zem. or younger (RGS), ARF.

Tla-6-11: (Mack, 159: JM-159m) Zem. or younger (RGS), ARF.

Tla-6-12: (Mack, 1959: JM-256m) Zem. (RGS), NED.

Tla-6-13: (Mack, 1959: JM-280m) Zem. or younger (RGS), NED.

Tla-6-14: (Mack, 1959: JM-299m) Zem. or younger (RGS), LB.

Tla-6-15: (Mack, 1959: JM-302m) Zem. to Sauc. (RGS), UMB?

Tla-6-16: (Mack, 1959: JM-304m) Zem. to Sauc. (RGS), ARF, MB?

Tla-6-17: (Mack, 1959: JM-324m) upper Zem. to Sauc. (RGS), UMB?

Tla-6-18: (Mack, 1959: JM-344m) Sauc., LMB.

Tla-6-19: (Mack, 1959: JM-408m) Sauc., LB.

Tla-6-20: (Mack, 1959: JM-410m) Sauc., LMB?

Tla-6-21: (Mack, 1959: RE-36m) age indeterminate, ARF, DW.

Tla-6-22: (Mack, 1959: RE-38Am) Sauc., MB.

Tla-6-23: (Mack, 1959: RE-40m) Sauc., LB?

Tla-6-24: (Mack, 1959: RE-49m) Zem. to Sauc. (RGS), ARF.
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Tla-6-25: (Mack, 1959: RE-273m) Zem. or younger (RGS), NED.
Tla-6-26: (Mack, 1959: JM-211m) Zem. or younger (RGS), (RGS), ARF, LMB?
: (Classen, 1959: 15-59) age indeterminate, NED.

(Touring, 1959: F347M) Zem. or Sauc. (RGS), LMB?

(Touring, 1959: F354) Sauc. (RGS), MB.

(Touring, 1959: ¥357) Sauc. (RGS), LMB.

(Touring, 1959: F360M) Sauc. (RGS), MB.

(Touring, 1959: F706) Sauc. (RGS), LMB.

(Touring, 1959: F794) Sauc. (RGS), LMB.

(Touring, 1959: F795) Sauc. (RGS), UB?

Tla-6-27
Tla-9-1:
Tla-9-2:
Tla-9-3:
Tla-9-4:
Tla-9-5:
Tla-9-6:
Tla-9-7:
Tla-10-1
Tla-10-2
Tla-10-3
Tla-10-4
Tla-10-5
Tla-10-6
Tla-10-7
Tla-10-8
Tla-10-9

Tla~10-10: (Cummings, 1960:
1: (Cummings, 1960:
Tla-10-12: (Cummings, 1960:
Tla-10-13: (Cummings, 1960:
Tla-10-14: (Cummings, 1960:
Tla-10-15: (Cummings, 1960:
Tla~10-16: (Cummings, 1960:
Tla~10-17: (Cummings, 1960:
Tla-10-18: (Cummings, 1960:
Tla-10-19: (Cummings, 1960:
Tla-10-20: (Cummings, 1960:
1: (Cummings, 1960:
Tla-10-23: (Cummings, 1960:
Tla-10-24: (Cummings, 1960:
Tla-10-25: (Cummings, 1960:
Tla-10-26: (Cummings, 1960:
Tla-10-27: (Cummings, 1960:
Tla-10-28: (Cummings, 1960:
Tla-10-29: (Cummings, 1960:
Tla-10-30: (Cummings, 1960:
Tla-10-31: (Cummings, 1960:
Tla-10-32: (Cummings, 1960:
Tla-10-33: (Cummings, 1960:
Tla~10-34: (Cummings, 1960:
Tla~-10-35: (Cummings, 1960:
Tla-10-36: (Cummings, 1960:
Tla-10-37: (Cummings, 1960:
Tla-10-38: (Cummings, 1960:
Tla~10-39: (Cummings, 1960:
Tla~10-40: (Cummings, 1960:
1: (Cummings, 1960:
Tla-10-42: (Cummings, 1960:
Tla-10-43: (Cummings, 1960:
Tla-10-44: (Cummings, 1960:
Tla-10-45: (Cummings, 1960:
Tla-10-46: (Cummings, 1960:

Tla-10-1

Tla-10-2

Tla-10-4

: (Cummings, 1960:
: (Cummings, 1960:
: (Cummings, 1960:
: (Cummings, 1960:
: (Cummings, 1960:
: (Cummings, 1960:
: (Cummings, 1960:
: (Cummings, 1960:
: (Cummings, 1960:

57-203) lower Sauc. (RGS), LB.
57-45) upper Zem. to lower Sauc. (RGS), LB.
57-44) upper Zem. (RGS), LB.
57-43) Zem. to lower Sauc., NED.
57-152) Zem. to lower Sauc., NED, OMZ?
57-199) Zem to lower Sauc., NED.
57-181) upper Zem. (RGS), UB?
57-693) Zem. to Sauc. (RGS), OS?
57-692) Zem. to lower Sauc., UB?
56-254) Zem. to lower Sauc., ARF.
57-188) upper Zem. to Sauc. (RGS), LMB.
56-511) Zem. to lower Sauc., DW.
57-918) upper Zem. (RGS), UMB, OMZ?
57-66) Zem. to lower Sauc., DW.
57-48) upper Zem. (RGS), MB, OMZ.
56-469) upper Zem. (RGS), UMB, OMZ?
56-303) upper Zem. (RGS), UB to UMB, OMZ?
57-41) Zem. to lower Sauc., NED.
57-206) Zem. to lower Sauc., MB?
57-69) Sauc.? (RGS), LMB to LB. Sauc.? (RGS), LMB to LB
57-71) lower Zem. (RGS), LB.
57-207) upper Zem. (RGS), UMB.
57-31b) upper Zem. to lower Sauc. (RGS), LMB.
57-31c) upper Zem. to lower Sauc. (RGS), LMB?, OMZ?
57-219) Zem. (RGS), UB?
57-221) Zem. (RGS), UB?
56-462) upper Zem. (RGS), LMB, OMZ?
57-50) Zem. to lower Sauc. (RGS), UMB to UB, OMZ.
57-58) lower Zem. (RGS), UMB?
57-647) upper Zem.? (RGS), UMB.
57-902) upper Zem.-Sauc. boundary (RGS), UB.
57-78a) upper Zem. (RGS), MB?
57-79) upper Zem.? (RGS), UB, OMZ?
57-79c¢) upper Zem. to Sauc. (RGS), LMB?
57-79b) upper Zem. (RGS), UB.
57-79a) upper Zem.? (RGS), NED.
57-861) Zem. to lower Sauc., NED.
56-300) lower Sauc. (RGS), UB to UMB, OMZ?
56-293) upper Zem. (RGS), UMB, OMZ?
56-250) Zem. to lower Sauc. (RGS), ARF.
56-328) Zem to lower Sauc., ARF.
57-167) upper Zem.? (RGS), MB.
57-168) Zem. to lower Sauc., NED.
57-170) Zem. to lower Sauc., (RGS), MB.
57-924) lower Zem. (RGS), LMB?
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Tla-10-47: (Cummings, 1960:
Tla-10-48: (Cummings, 1960:
Tla~10-49: (Cummings, 1960:
Tla-10-50: (Cummings, 1960:
Tla-10-51: (Cummings, 1960:
Tla-10-52: (Cummings, 1960:
Tla-10-53: (Cummings, 1960:
Tla-10-56: (Cummings, 1960:
Tla~10-58: (McCollom, 1959:

57-926) Zem. to lower Sauc., NED.

57-664) Zem. (RGS), MB?

56-357) upper Zem.? (RGS), UMB.

57-115) Zem.? (RGS), UB?

57-114) Zem.? (RGS), UB, OMZ?

57-110) Sauc.? (RGS), UB.

57-666) upper Zem. (RGS), MB?

57-335) Zem. to Sauc. (RGS), UB, OMZ?
6H) upper Zem. (RGS), LMB.

Tl1a-10-59: (McCollom, 1959:
Tla-10-60: (McCollom, 1959:
Tla-10-61: (McCollom, 1959:
Tla-10-62: (McCollom, 1959:
Tla-10-63: (McCollom, 1959:
Tla~-10-64: (McCollom, 1959:

6G) upper Zem. (RGS), LMB.

6E) upper Zem. (RGS), UMB, OMZ?

5) upper Zem. (RGS), LMB.

4B) Zem. (RGS), MB.

RM 15) upper Zem., NED. possibly LB.
RM 16) upper Zem., NED, possibly LB.

Tla?-10-65: (Cummings, 1960: 57-916) upper Zem. (RGS), LB.
Tla?-10-66: (Cummings, 1960: 56-489) Zem. to lower Sauc., NED, OMZ?
Tla-10-500: (Cummings, 1960: 57-730) Zem. to lower Sauc., NED.
(Cummings, 1960: 56-500) upper Zem.? (RGS), LB, OMZ.

Tla-11-1:

Tla-11-2: (Cummings, 1960: 56-494) Zem. to lower Sauc., NED, possibly OMZ.
Tla-14-1: (Fairchild and others, 1969: B-4373) lower Sauc., UMB?

Tla-14-2: (Fairchild and others, 1969: B-2311) lower Sauc., LMB.

Tla-14-3: (Fairchild and others, 1969: B-4372) lower Sauc., LB.

Tla-14-4: (Fairchild and others, 1969: B-2310) upper Zem., LB.

Tla-14-5: (Fairchild and others, 1969: B-2309) upper Zem., LMB.

Tla-14-6: (Fairchild and others, 1969: B-4371) Zem.-Sauc. boundary (RGS), LMB.
Tla-14-7: (Fairchild and others, 1969: B-2308) lower Zem., UMB?

Tla-14-8: (Cummings, 1960: 57-173) Sauc.? (RGS), MB?

Tla-14-9: (Cummings, 1960: 57-471) Zem.-Sauc. boundary (RGS), LMB.
Tla-14-10: (Cummings, 1960: 57-2) upper Zem. to Sauc. (RGS), MB.

Tla-14-11: (Cummings, 1960: 57-276) upper Zem. (RGS), NED, OMZ?

Tla-14-13: (Cummings, 1960: 57-322) Zem.? (RGS), UB.

Tla-14-14: (Leon, 1958: 36) upper Zem.? (RGS), NED.

Tla-15-1: (K. A. McDougall, unpublished data, 1979: MF 4671) lower Sauc., UMB?
Tla-15-2: (Travers, 1959: WT 38) upper Zem., UMB.

Tla-15-3: (McCollom, 1959: RM 3) upper Zem., UMB?

Tla-15-4: (McCollom, 1959: RM4) upper Zem., UMB?

Tla-15-5: (Hector, 1976: SH 53) upper Zem. to Sauc.? (RGS), LMB.

Tla-15-6: (Hector, 1976: SH 276) upper Zem. to Sauc.? (RGS), ARF, LB?
Tla-15-7: (Hector, 1976: SH 307) upper Zem. to Sauc.? (RGS), ARF, LMB to LB?
Tla-15-8: (Hector, 1976: SH 367) upper Zem. to Sauc.? (RGS), ARF.

Tla-15-9: (Hector, 1976: UO 51A) lower Miocene, DW.

Tla-15-10: (Hector, 1976: UO 51B) upper Zem., DW.

Tla-15-11: (Hector, 1976: UO 275A) upper Zem. to Sauc., MB.

Tla-15-12: (Hector, 1976: UO 305A) Sauc., ARF.

Tla-15-13: (Hector, 1976: UO 305B) Sauc., ARF.

Tla-15-14: (Hector, 1976: UO 305C) Sauc., ARF.

Tla-15-15: (Hector, 1976: UO 306) lower Miocene, DW.

Tla-15-16: (Hector, 1976: UO 310) lower Miocene, DW.

Tla-15-17: (Hector, 1976: UO 701) upper Zem., DW.

Tla-15-18: (Hector, 1976: UO 702) upper Zem., DW.

Tla-20-1: (Clark, 1966: JC61-4) Sauc.?, NED.

Tla-20-2: (Clark, 1966: JC61-5) Sauc., UB.

Tla-20-3: (Clark, 1966: JC61-6) Sauc., UB.

Tla-20-4: (Fairchild and others, 1969: B-4396; Clark, 1966: JC61-6) lower to middle Sauc., MB?



Tla-20-5:
Tla-20-6:
Tla?-20-7
Tlo-19-5:
Tlo-19-6:
Tlo-23-6:
Tm-5-1:

Tm-5-2:

Tm-5-3:

Tm-10-1:
Tm-10-2:
Tm-10-3:
Tm-10-4:
Tm-10-6:
Tm-10-7:
Tm-10-8:
Tm-10-9:
Tm-14-1:
Tm-14-2:
Tm-14-3:
Tm-14-4:
Tm-14-5:
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(Burford, 1961: ROB 60-1) lower Sauc.? (RGS), UMB.

(Burford, 1961: ROB 61-33, ROB 61-34, ROB 61-35) upper Zem. to lower Sauc.?, MB?

: (reference witheld by request) Sauc.? (RGS), UMB, OMZ.
(Clark, 1966: JC62-17) Rel., UB, shelf edge.
(Clark, 1966: JC62-18) Rel., OS?
(Clark, 1966: JC62-23) Rel., NED.
(Poore, unpublished data, 1978: MF 2557) Rel. to Luis., DW.
(Classen, 1959: 4-58) Luis., UB.
(Classen, 1959: 10-58) Luis.?, DW.

{Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:
(Cummings, 1960:

56-390) Rel. (RGS), MB.
56-271) Rel. (RGS), MB.
56-343) Rel. (RGS), MB.
57-700) Rel. (RGS), MB.
56-423) Rel. (RGS), MB.
57-202) Rel.? (RGS), NED.
57-30) Rel. (RGS), MB.
57-31a) Rel. or Luis., UMB.
57-5) Rel. or Luis., NED.
57-486) Rel. or Luis., NED.
57-392) Rel. (RGS), MB.
57-484) Rel. or Luis., UB, OMZ?
57-255) Rel. or Luis., NED.

Tm-18-4:
Tm-19-1:
Tm-19-2:
Tm-19-3:
Tm-19-4:
Tm-19-5:
Tm-19-6:
Tm-19-7:

(Clark, 1966:
(Clark, 1966:
(Clark, 1966:
(Clark, 1966:
(Clark, 1966:
(Clark, 1966:
(Clark, 1966:
(Clark, 1966:
Tm-19-8: (Clark, 1966:
Tm-19-9: (Clark, 1966:
Tm-19-10: (Clark, 1966:
Tm-19-11: (Clark, 1966: JC62-9) Luis., OS.

Tm-19-12: (Clark, 1966: JC62-12) Luis., OS to UB?

Tm-19-13: (Brabb, 1960: EB 439) Luis., UB?

Tm-19-14: (Brabb, 1960: EB 437) Luis., UB?

Tm-19-15: (Brabb, 1960: EB 435C) Luis., UB?

Tm-19-16: (Brabb, 1960: EB 435H) Luis., UB?

Tm-19-17: (Brabb, 1960: EB 432) Luis., UB?

Tm-19-18: (Brabb, 1960: EB 440) Luis., UB?

Tm-19-19: (Brabb, 1960: EB 123) Luis., UB, OMZ?

Tm-19-20: (Kleinpell, 1938: LSJU 367) upper Rel. or Luis. (RGS), UB?
Tm-19-21: (Kleinpell, 1938: LSJU 367A) Luis. (RGS), NED.
Tm-19-22: (Travers, 1959: WT 13) Rel., DW.

Tm-19-23: (Travers, 1959: WT 75) possibly Rel., UB.

Tm-19-24: (Travers, 1959: WT 74) Rel., UB, shelf edge.

Tm-19-25: (Travers, 1959: WT 73) Rel., UB, shelf edge.

Tsc-19-1: (Clark, 1981: Mf 2187) Del., UB.

JC62-15) Rel., UB.

JC25, JC61-1) Rel., UMB.
JC60-2) Rel., UB, shelf edge.
JC60-19) Luis., UB, shelf edge.
JC60-22) Rel., UB.

JC60-30) Luis., UB?, shelf edge?
JC60-49) Rel., IS.

JC60-62) Luis., UB.

JC60-69) Rel., UMB.

JC60-109) Rel., UB.

JC61-32) Rel. or Luis.? (RGS), UB?
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APPENDIX 2
PALEONTOLOGIC DATA FROM THE NORTHERN GABILAN RANGE

Listed below are the inferred ages and paleodepths for 10 faunal lists compiled from reports and well
files on the San Juan Bautista Formation of the San Juan Bautista Quadrangle in the northern Gabilan
Range. The organization and abbreviations used below are the same as for Appendix 1.

Ts}-30-1:
Ts)-30-2:
Tsj-30-3:
Tsj-30-4:
Tsj-30-5:
Tsj-30-6:
Tsj-30-8:

Tsj-30-9:

(Waters, 1968: D-515)
Pen. or Ulat., NED, possibly LB.
(Nilsen, unpublished data, 1983: MF 2549)
Ulat., Eocene planktic foram. Zones P10-P11, LMB.
(Nilsen, unpublished data, 1983: MF 2550)
Ulat., MB.
(Nilsen, unpublished data, 1983: MF 2551)
lower Nar., Eocene planktic foram. Zone P11, LMB.
(Nilsen, unpublished data, 1983: MF 2552)
upper Nar., LMB?, OMZ?
(Nilsen, unpublished data, 1983: MF 2553)
upper Nar., LMB, OMZ?
(Nilsen, unpublished data, 1983: MF 2555)
upper Nar., LB, OMZ?
(Nilsen, unpublished data, 1983: MF 2556)
upper Nar., LB, OMZ?

Tsj?-30-17: Occidental Bingaman #1 well, drilled

interval 3635-4543 feet: upper Ref. (RGS), LMB to LB.

Tsj?-30-18: Occidental Bingaman #1 well, drilled

interval 6040-7130 feet: Nar. (RGS), LMB to LB?
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APPENDIX 3
THICKNESS ESTIMATES FROM OUTCROPS AND CROSS-SECTIONS

The estimates of stratigraphic thickness tabulated below were compiled from over 25 published and
unpublished reports and from my own field work. The list is not exhaustive, but includes only those data
useful in constructing the thickness maps and other diagrams in this report. Most of the thicknesses were
originally measured in feet, ofterr only to the nearest 100 feet. I‘ve converted these to meters without
further rounding; this may give a false impression of precision, but avoids the problem of over-rounding.
Formation abbreviations are given in Table 2.

Notes:
(A) Estimated by me from stratigraphic column or cross-section.

(B) Estimated by me from map.

(C) The "Middle San Lorenzo Sandstone” of Smith (1971) is here included as part of the Rices
Mudstone.

(D) Thickness of combined Vaqueros Sandsone and Zayante Sandstone interval.

(E) Thickness includes some of the lower Aromas Sand.
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THICKNESS ESTIMATES FROM OUTCROPS

STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)

Jamison Rd., Tl 244+ Brabb, 1960, p.15
15-95-3W
Tuck's Creek, Tl 82+ Brabb, 1960, p.15S
17-9S8-3W
Smith Grade - T1 270+ Clark, 1981, p.8
Empire Grade area
Smith Grade - Tl 305+ Clark, 1966, p.20
Empire Grade area
sky Londa — La Tb 3048+ Touring, 1959, p.32
Honda Cr. area
Big Basin quad. Tb 2743 Brabb, 1960, p.31
(composite)
Butano Ridge Tb 1829+ Brabb, 1960, p.31
Jamison Road Tb 914+ Brabb, 1960, p.31
northern Felton Tb 2730+ Clark, 1981, p.1l1
and Laurel quads.
northern Felton Tb 3658+ Beaulieu, 1970
and Laurel quads. p.129
La Honda Cr. Tst 110 Cummings, 1960,
36-65—4W pl.5 (&)
La Honda Cr. Tst 170-220 Brabb, 1980 (B)
35-65—-4W
La Honda quagd. Tst 240 Brabb, 1980
Langley Hill area Tst 190 Cummings, 1960,
1,2, 13-75-4W pl.5 (&)
Little Boulder Cr. Tst 229 Brabb, 1960, p.29

21,22,28-85-2W
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STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)
Little Boulder Cr. Tst 198 Brabb, 1960, p.40
21,22,28-85-2W
San Lorenzo R. Tst 260 Brabb and others,
1-9S-3W 1977, p.30-31 (A)
San Lorenzo R. Tst 229 Brabb, 1964, p.671
1-9S5-3wW
San Lorenzo R. Tst 223 Sullivan, 1962,
1-9S-3W p.247
Kings Cr. Tst 241 Brabb, 1960, p.40
31-8S-2W
Bear Cr. Tst 198 Brabb, 1960, p.40
Bear Cr. Tst 172 Brabb and others,
3-95-2W 1977, p.56 (A)
Bear Cr. area Tst 244-275 Hector, 1976, p.34
42-9S-2W
Newell Cr. Tst 183 Travers, 1959, p.1l2
27?-9S-2W
Newell Cr. Tst 193 Brabb, 1960, p.40
27-95-2W
Newell Cr. Tst 60 Clark, 1981, p.13
27-9S-2W
Laurel area Tst 107 Burford, 1961,
pl.7 (A)

Soquel Cr. Tst 122+ Smith, 1971, p.9
Little Boulder Cr. Tsr 85+ Brabb, 1960, p.29
22-8S-2W
San Lorenzo R. Tsxr 296+ Brabb, 1960, p.47
lr 12—98—3W
San Lorenzo R. Tsx 435 Sullivan, 1962,

l, 12-9S-3W

p.248



STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)
Kings Cr. Tsr 314 Brabb, 1960, p.45
31-85-2W, and
6-95-2W
upper ZzZayante Cr. Tsy 309 Brabb and others,
18-9S5-1W 1977, p.65 (A)
Castle Rock TsSr 457-549 Hector, 1976, p.36
Ridge quad.
Bear Cr. Tsr 518 Brabb, 1960, p.47
3, 10-9S5-2W
Bear Cr. Tsy 482 Brabb and others,
3, 10-95-2wW 1977, p.55-56 (A)
Twobar Cr. Tsy 98+ Brabb, 1960, p.62
18-9S-2W
Newell Cr. Tsr 275 Clark, 1981, p.13
27—-95-2W
Newell Cr. Tsr 259 Travers, 1959, p.13
27-95—-2W
Love Cr. Tsr 240+ Clark, 1981, p.13
29-95-2W
Laurel quad. TSr 533 Burford, 1961,
Pl.4 (A)
Soquel Cr. Tsx 671 smith, 1971,
p.9-10 (C)

Woodside quad. Tvw 671+ Esser, 1958
Half Moon Bay quad. Tvw 762+ Classen, 1959 (A)
Corte Madera Cr. Tv 152 Cummings, 1960, p.71
16-75-3W
Peters Cr. TV 270-380 Cummings, 1960,
28-75-3W Pl1.5 (RA)



STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION THICKNESS (if any)
(meters)
Slate Cr. area 330 Cummings, 1960,
9, 16-8S-3W pl.s (A)
Skyline Blvd. 276+ McCollom, 1959, p.1l2
36—-7S—-3W
Skyline Blvd. 292 Brabb, 1970 (B)
Skyline Blvd. 483 Dibblee, 1966 (A)
36—-7S—-3W, 1-8S-3W
Long Ridge 335 Cummings, 1960,
34-75-3W p.71
Table Mt. 805+ Dibblee, 1966 (A)
31-75-2W
Table Mt. 380 Cummings, 1960,
36—7S-3W pl.5 (A)
Saratoga Gap 732 Cummings and others,
1962,p.189

Saratoga Gap 760 Cummings, 1960,
8-8S—2W pPl.5 (A)
Saratoga Gap 1219 Dibblee, 1966 (A)
5,8-85-2W
0il Cr. 354 Dibblee, 1966, (A)
10-8S—-3W
01l Cr. 724 Dibblee, 1966, (A)
12-85-3W
Waterman Cr. 335 Cummings, 1960, p.71
14, 15-8S-3W
Waterman Cr. 300 Cummings, 1960,
10, 11, 14, 15-8S-3W pl.5 (A)
San Lorenzo R. 457 Cummings, 1960, p.71

24-8S-3W
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STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)
upper Zayante Cr. Tv 1072 Brabb and others,
19-9S-1W 1977, p.63-65
upper Zayante Cr. TV 920 Clark, 1981, p.1l5
19-9S-1W
lower Zayante Cr. Tv 515 Brabb and others,
1977, p.68

lower Zayante Cr. ™v 350-440 Clark, 1981, p.15
30-9S-1W
Kings Cr. T™ve 284+ Burchfiel, 1958,
6-9S-2W p.47-50
Kings Cr. TvC 357+ Brabb, 1960, p.45
6~9S-2W
Kings Cr. TvC 373+ Burchfiel, 1958,
6,7-95-2W Ppl.2 (A)
Twobar Cr. Tv 730+ Brabb, 1960, p.62
18, 19-9S-2wW
Twobar Cr. T™vC 364+ Brabb, 1960,
18, 19-9S-2W p.62 (A)
Twobar Cr. Tvl 366+ Brabb, 1960,
18, 19-95-2W p.62 (A)
Twobar Cr. TV 675+ Burchfiel, 1958,
8-95-2W pl.2 (A)
Twobar Cr. TV 680+ McCollom, 1959, p.18
8—-9S5-2W
Twobar Cr. v 762+ Burchfiel, 1958,
5,8-95-2W pl.4 (A)
Bear Cr. v 839+ Burchfiel, 1958,
9, 16-9S-2W P.51-55
Bear Cr. Tv 717+ Brabb and others,

9, 10-95-2W

1977, p.54-55 (A)
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STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)
Bear Cr. Tv 1372+ Burchfiel, 1958,
16,20,21-9S-2W p.11
Union Cr. TvC 175+ McCollom, 1959, p.8
4-9S-3W
Kelly Cr. TV 244+ McCollom, 1959, p.10
7-9S-3W
Blooms Cr. TvC 274+ McCollom, 1959, p.6
9, 10-9s8-3W
Mt.Charlie - TV 823 Clark, 1966, p.58
Glenwood area
Inspiration Point Tv 953 McCollom, 1959,
28-95-1W P.24
Laurel quad., TV 762+ Burford, 1961,
Glenwood Basin area pl.4 (A)
Soquel Cr. Tv(D) 974 (RGS field worxk)
Hinckley Cr. Tv(D) 8537 Dibblee and others,
1978 (B)

lower Zayante Cr. TZ 500+ Clark, 1981, p.14
30,31-9S-1W
lower Zayante Cr. Tz 384+ (RGS field work)
30,31-9S5-1W
Lompico Creek Tz 550 Clark, 1981, p.l4
26,35-95-2W
Soquel Cr. Tz 90 (RGS field work)
Half Moon Bay area Tmb 366+ Classen, 1959, (A)
Langley and Mindego Tmb 1524 Cummings, 1960,
Hills area P.95
Langley and Mindego Tmb 1829 Beaulieu, 1970,

Bills area

p.1l44
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STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)
La Bonda Cr. Tmb 610+ Cummings, 1960,
11, 14-7S-3W p.95
Peters Cr. Tmb 329+ Cummings, 1960,
287-7S-3W p.95
Tarwater Cr. Tmb 850+ Cummings, 1960,
31-75-3W pl.5 (A)
Table Mt. area Tmb 350+ Cummings, 1960,
36-7S-3W pl.5 (a)
Slate and Oil Crs. Tmb 610+ Cummings and others,
1962, p.193

Saratoga Gap Tmb 150 Cummings, 1960,
5,8-85-2W pl.5 (A)
Saratoga Gap Tmb 129 Dibblee, 1966 (A)
5-85-2W
Oak Ridge Tmb 152 Hector, 1976, p.52
26,27-8S-2W
Castle Rock Park Tmb 91 Hector, 1976, p.52
18?2-85-2W
Waterman Cr. Tmb 50 Cummings, 1960,
10, 11, 14, 15-8S-3W pl.5 (A)
lower Zayante Cr. Tmb 60 Clark, 1981, p.15
30-9S-1wW
Woodside quad. Tla 457+ Esser, 1958, p.32
Purisima and Tla 457+ Mack, 1959, p.43
Harkins Crs.
Lambert and Peters Tla 1463 Dibblee, 1966
Crs.,27,28,33-75-3W
Peters Cr. Tla 600 Cummings, 1960,
28-75-3W pl.5 (A)
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STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)

Table Mt. area Tla 870+ Cummings, 1960,
36-7S-3w pPl.5 (&)
Slate Cr. area Tla 792+ Cummings, 1960,
3-85-3W p.111
Saratoga Gap Tla 644+ Dibblee, 1966 (A)
12-8S—-3W
Saratoga Gap Tla 540+ Cummings, 1960, pl.5
5,8-85-2W
Waterman Cr. Tla 220+ Cummings, 1960, pl.S
10, 11, 14, 15-8S-3W
Kings Cr. Tla 457-488+ Hector, 1976, p.45
19-85-2W
McDonald Ridge Tla 488+ Hector, 1976, p.46
19,29,30-85-2W
Deer Cr. Tla 244+ Hector, 1976, p.48
28,29?-8S-2W
Newell Cr. Tla 152+ Travers, 1959, p.24
24-95-2W
upper Zayante Cr. Tla 397+ Brabb and others,
19-95-1W pP.62-63 (A)
lower Zayante Cr, Tla 196+ Brabb and others,
30-9S-1w p.68 (A)
lower Zayante Cr. Tla 185+ Clark, 1981, p.16
30-9S-1W
Mt. Charlie Gulch Tla 450+ Clark, 1981, p.16
29-9S-1W
Laurel quad. Tla 274+ Burford, 1961, p.1l2
Soquel Cr. Tla 396+ (RGS field work)
Half Moon Bay quad. Tlo 917 Classen, 1959 (A)
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STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)

San Lorenzo R. Tlo 60 Brabb, 1960, p.73

32-9S-2W

Ben Lomond Tlo 100 Clark, 1981, p.18

Lompico Cr. Tlo 150 Clark, 1981, p.18

Zayante Cr. Tlo 150 Clark, 1981, p.1l8

Newell Cr. Tlo 150 Clark, 1981, p.18

Majors Cr. Tlo 240 Clark, 1981, p.1ls8

San Vicente Cr. Tlo 13572 Clark, 1981, p.18

34-10S-3W

Vine Hill Rd. Tlo 76+ Clark, 1966, p.95

16-10S-1W

Half Moon Bay quad. Tm 914+ Classen, 1959 (A)

La Bonda area Tm 152+ Touring, 1959, p.78

13-7S5-4W

Woodhams Cr. Tm 152+ Cummings and others,
1962, p.195

Langley Hill Tm 549+ Cummings, 1960,

7, 187-75-3wW p.123

Mindego Rill quad. Tm 610+ Dibblee, 1966

Peters Cr. Tm 549+ Cummings, 1960,
p.123

Peters Cr. Tm 160+ Cummings, 1960,

5,6,7,8-85—3W pl.s (A)

Peters Cr. Tm 457+ Cummings and others,
1962,p.195

Slate Cr. Tm 220+ Cummings, 1960,

5,6,7,8-8S-3W

pl.5 (A)
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STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)

Slate Cr. Tm 122+ (RGS field work)

9-8S—-3W

Waterman Cr. Tm 430+ Cummings, 1960,

10, 11, 14, 15-8S-3W pl.5 (A)

Zayante and Lompico Cr. Tm 825+ Clark and others,
1979,p.7

Newell Cr. Tm 1036+ Brabb, 1960, p.73

34-95-2W and

3-10S-2W

Laguna Cr. Tm 370+ Clark, 1981, p.21

Santa Cruz - Tsm 130+ Phillips, 1981, p.50

Scotts Valley area

near Riverside Grove Tsc 76+ Brabb, 1960, p.75

11?-9S-3W

Zayante Cr. area Tsc 74+ Clark, 1981, p.31

3-10S-2W

well: Texaco Tsc 2700+ Clark, 1981, p.31

Poletti #1

Santa Cruz Tsc 140+ Clark, 1981, p.30

15,22,23-11S5-2W

Scotts Valley area Tsc 61+ Clark and others,
1979, p.10 (A)

Woodside quad. Tp 610+ Beaulieu, 1970,
p.159

Half Moon Bay area Tp 2438+ Musser and
Murray-Aaron,
1962, p.274

La Honda quad. Tp 1722 Touring, 1959, p.119

Scotts Valley area Tp 61-152+ Clark, 1966, p.140
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STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)

Laurel quad. Tp 823+ Burford, 1961, p.17

northern Monterey Tp 350 (E) Stuart and others,

Bay coastline 1982

La Honda area R-S 2900+ Cummings, 1960,
pl.5 (A)

Langley Hill area R-S 2760+ Cummings, 1960,
pl.5 (A)

Mindego Hill area R-S 2250+ Dibblee, 1966 (A)

Peters Cr. area R-S 2030+ Cummings, 1960,
pl.5 (A)

Alpine R4. area R-S 2575+ Dibblee, 1966 (A)

Saratoga Gap area R-S 2060+ Cummings, 1960,
pl.5 (A)

Bear Cr. area R-S 1890+ (combined TsSr + Tv)

Zayante Cr. area R-S 1780+ (combined Tsr + Tv
+ Tla)

Soquel Cr. area R-S 2163+ (combined Tsr +Tv
+ Tz + Tla)

Ben Lomond Mtn. Ynez. 305+ Clark, 1966, p.20

Lompico area Pen. 771+ Brabb and others,
1977, p.72 (A)

Lompico area Ulat. 509 Brabb and others,
1977, p.72 (R)

La Bonda basin Nar. 3100+? (combined Teb + Tst)

Little Boulder Cr. Ref. 12 Brabb, 1960, p.29

22-85—-2W

San Lorenzo R. Ref. 69 Sullivan, 1962,

1, 12-95-3W

p.248



STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)
San Lorenzo R. Ref. 67 Brabb, 1964, p.675
1, 12-9S-3W
San Lorenzo R. Ref. 63 Brabb and others,
1, 12-9S-3W 1977, p.29-30 (A)
Zayante Cr. Ref, 47 Brabb and others,
18-9S-1W 1977, p.65 (A)
Kings Cr. Ref. 61 Brabb, 1960, p.45
31-8S-2W, and
6-9S-2W
Bear Cr. Ref. 137 Brabb, 1960, p.47
3, 10-95-2W
Bear Cr. Ref. 108 Brabb and others,
3, 10-9S-2W 1977, p.55-56 (A)
Soquel Cr. Ref. 61-76 Smith, 1971, p.9
upper Zayante Cr. Zem. 1335 Brabb and others,
1977, p.63-65 (A)
upper Zayante Cr. lower Zem. 457 Brabb and others,
1977, p.64—-65 (A)
Kings Cr. lower Zem. 610+ Brabb, 1960
upper Zayante Cr. upper Zem. 878 Brabb and others,
1977, p.63-64 (A)
lower Zayante Cr. upper Zem. 10657 (combined Tz + Tv)
upper Zayante Cr. Sauc. 397+ Brabb and others,
1977, p.62 (A)
lower Zayante Cr. Sauc, 594+ Brabb and others,
1977, p.68 (A)
Mt. Charlie Gulch Sauc. 513+ Brabb and others,
1977, p.78 (A)
Scotts Valley area Rel. 1180+ (combined Tlo + Tm)

+Luis,
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STRATIGRAPHIC STRATIGRAPHIC REFERENCE
LOCATION INTERVAL THICKNESS (if any)
(meters)
La Honda area Ynez. to 7100+ (combined max.
Luis. thickness of
all stages)
Zayante — Scotts Ynez. to 6400+ (combined max.
Valley area Luis. thickness of
all stages)
La Honda area Tertiary 8800+ (best guess)
Zayante - Scotts Tertiary 9500+ (best guess)

Valley area
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APPENDIX 4
DATA FROM EXPLORATORY WELLS

The subsurface stratigraphic data in the following table were obtained from the literature and from

files on more than 75 wells drilled in the search for oil and gas in the La Honda basin. Total depths and
drilled formation tops are given in feel, as read directly from electric logs, but stratigraphic thicknesses are
gtven tn meters to allow direct comparison with the outcrop data in Appendix 3. Stratigraphic thicknesses
were calculated using dip data from dipmeter surveys or core descriptions, where such data were
available. Formation abbreviations are explained in Table 2:

(A)

23835358

(H)

()

(K)

M)
(N)
(P)

Notes:

"Redbeds” are reported from below a drilled depth of 3000 feet in this well (Christensen and Knight,
1964a).

Formation tops and dip data from Christensen and Knight (1964a).

Dip data from Christensen and Knight (1964a).

Thickness of combined Twobar Shale and Rices Mudstone interval.

Thickness of combined Twobar Shale, Rices Mudstone, and Mindego Basalt interval.

Cut out by fault?

Thickness of combined Mindego Basalt and Lambert Shale interval.

This well spudded in the Santa Cruz Mudstone and encountered Santa Margarita Sandstone at a
drilled depth of 3333 feet. The estimated stratigraphic thickness of the Santa Cruz Mudstone is

1000+ m, and of the Santa Margarita Sandstone is 144 m.

This well encountered ”granodiorite” at a drilled depth of 1920 feet (California Division of Oil and
Gas, 1964, 1982a).

The "Tp” interval in this well may also include the following formations: Lompico Sandstone,
Monterey Formation, Santa Margarita Sandstone, and Santa Cruz Mudstone.

Thickness of combined Vaqueros Sandstone and Lambert Shale interval. Dip data from Christensen
and Knight (1964b).

Thickness of combined Vaqueros Sandstone and Zayante Sandstone interval.
This well encountered "granite” at a drilled depth of 3183 feet.
The identify of the formations below a drilled depth of 1753 feet is unknown, and could conceivably

include the Butano Sandstone, Vaqueros Sandstone, or other units composed of interbedded
sandstone and mudstone.
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APPENDIX 5
PALEOCURRENT DATA

In the following table, paleocurrent data are given as the vector mean of all measurements on a
given type of sedimentary structure (e.g., flute casts, or cobble imbrication) at a single location. A
"location” usually consists of one outcrop, but in some cases consists of two or more closely spaced
outcrops. For certain kinds of sedimentary structures, such as groove casts or parting lineation, the
vector mean is only one of the two possible azimuths of the line of current movement. For other
structures, such as flute casts of cross-stratification, the vector mean is the azimuth of the true direction
of movement, and this fact is specified in the table, as in the notation "295 to the NW.” Formation
abbreviations are given in Table 2.
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