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ABSTRACT

Lateral differences in Monterey rocks along the Santa Barbara
coast indicate that diagenesis is more advanced toward the west, as
noted by Bramlette (1946). Silica changes toward the west from biogenic
opal-A (in diatom frustules) to diagenetic opal-CT and then to dia-
genetic quartz. This study describes the original equivalence and the
cause of lateral diagenetic differences and then examines lithologic
changes and diagenetic processes in laterally equivalent strata.

Continuous exposure for 55 km, simple homoclinal structure,
paleogeography, and detailed analysis of 14 stratigraphic sections
together show that sediments were laterally equivalent, as originally
deposited. Rocks principally contain: biogenic or diagenetic silica
(5 to 90 percent), detrital minerals (5 to 70 percent), carbonates
(0 to 80 percent), and organic matter (1 to 25 percent). Distinctive
stratigraphic differences in rock composition are used to define five
informal members, including an uppermost member nearly free of carbonate
and four lower carbonate-bearing members. Each member is laterally
continuous and shows consistent sedimentary features and compositions.
Boundaries between members are also laterally age-constant.

Original equivalence indicates that lateral diagenetic differences
were caused by postdepositional conditions. Overburden thicknesses
(post-Luisian strata thicken, east to west, from 300 to 1850 m) and
temperature-sensitive characteristics of kerogen (0/C atomic ratios
decrease, east to west, from >0.2 to <0.1) show that increased

temperature and burial caused the westward increase in diagenesis.



Lateral examination of equivalent strata showed that both silica
phase transformations were accompanied by large reductions in porosity,
which averages 60 percent in diatomaceous rocks, 35 percent in opal-CT
rocks, and 15 percent in quartz rocks. Lithologic character changed
mainly during opal-CT formation, resulting in greatly increased hard-
ness, brittleness, bulk density, and cohesiveness. Much less increase
in these properties accompanied quartz formation, and quartz rocks
are practically indistinguishable from opal-CT rocks in the field.
Among both quartz and opal-CT rocks, hardness, brittleness, bulk
density, and luster all vary markedly with the silica/detrital ratio,
which is >3.0 in cherty (vitreous) rocks, 0.75 to 4.0 in porcelanous
(matte) rocks, and <1.0 in siliceous mudstones.

At each stratigraphic level, diagenetic changes typically occurred
in a distinctive sequence. As temperature and burial increased:
opal-CT formed first in cherts and cherty porcelanites, then in
porcelanites, and finally in siliceous mudstones; subsequently, quartz
formed first in siliceous mudstones, then in porcelanites, and finally
in cherty porcelanites and cherts. Two diagenetic changes in
carbonate~bearing rocks--formation of disseminated dolomite and of
unusual quartz cherts--were not consistently produced by increased
temperature and are not related to timing of silica diagenesis in
typical rocks.

The timing sequence is related to the silica/detrital ratio
in individual beds. As the ratio decreased, opal-CT formed later,
initial "ordering" of opal-CT was higher, and quartz subsequently
formed earlier. Carbonates did not significantly affect rates of

silica diagenesis, as timing was nearly identical in associated



calcareous, dolomitic, and carbonate-free rocks with equal silica/
detrital ratios. Exceptions were carbonate-bearing~rocks with silica/
detrital ratios >8, in which some quartz formed early in diagenesis,
probably before opal-CT formation.

Timing differences show that diagenetic changes occurred indepen-
dently in each layer of rock (down to the scale of beds <2 mm thick).
Independence, petrologic characteristics, and lateral similarity
of compositional ranges together indicate that formation of neither
opal-CT nor quartz involved appreciable transfer of silica between
beds. Timing differences also provide evidence that porosity changes
resulted directly from silica phase transformations, not from generally
increased temperature and burial; and changes in strata thickness show
that porosity decreased by rapid compaction, not by simple cementation.
Both silica phase transformations thus occurred by rapid, nearly
in situ, solution-precipitation of silica accompanied by appreciable

compaction.
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CHAPTER 1

INTRODUCTION

The origin and paleoenvironmental significance of siliceous rocks
has been debated for decades. Chemical, biologic, and volcanic
origins have all been proposed and a wide variety of paleoenvironments
suggested for various siliceous rocks (e.g., Bailey and others, 1964;
Banks, 1970; Chipping, 1971; Gibson and Towe, 1971, 1975; Surdam and
others, 1972; Weaver and Wise, 1974, 1975). Criteria for determining
genesis, however, are nearly always debatable, and in practice
paleoenvironments are usually inferred from surrounding strata. The
significance of petrologic features in siliceous rocks per se has
remained surprisingly obscure, as illustrated by the modern debate
over abyssal versus supratidal deposition of novaculites (McBride and
Thomson, 1970; Folk, 1973; Folk and McBride, 1976).

A major cause of obscurity is the profound diagenetic changes
in siliceous sediments which take place at low temperature yet are
essentially metamorphic. Highly diatomaceous sediments, for example,
are evidently altered to quartz cherts, after two complete solution-
precipitations of silica, at temperatures of less than 100°C, or
less than 2000 m of burial (Murata and Larson, 1975). By contrast,
calcite in most nannofossil sediments is only partially recrystallized
at 2000 m, and major changes in clay shales do not usually occur until

shales are buried much more deeply (Meade, 1964; Scholle, 1977).



Interpreting features of siliceous rocks is particularly difficult
due to poor understanding of the natural processes accompanying major
diagenetic changes. Knowledge of silica diagenesis (diagenetic
changes in silica minerals) has advanced greatly in recent decades,
but lithologic changes and important associated processes have
remained unclear. Do significant amounts of silica move between
beds during diagenesis? How is porosity lost? Are marked differences
in lithologic characteristics solely diagenetic, or do they also
reflect original differences in the sediments? Which features are
primary sedimentary features and which are secondary?

These questions are difficult to answer by examining most
Mesozoic and Paleozoic siliceous rocks because of the absence of
diagenetically altered precursors. Where relatively unaltered biogenous
sections can be examined, among younger siliceous rocks, recent
studies have focussed on diagenesis in stratigraphic sequences
(e.g., Murata and Larson, 1975; Mitsui and Taguchi, 1977). Strati-
graphic sequences, however, generally involve variations in age,
sediment composition, and depositional environment. As a result,
effects of diagenesis may be ambiguous, and distinguishing precursors
of specific types of rocks and determining the diagenetic processes
involved in their formation may be impossible.

The purpose of the present study was to examine natural diagenetic
processes in an area where: (1) diatomaceous rocks are laterally
continuous with and sedimentologically equivalent to diagenetically
altered rock; and (2) lateral differences in diagenesis are due only
to postdepositional differences in temperature and burial depth.

In such an area, precursors of specific (and unusual) types of



diagenetically altered rocks are clear, and effects of different
variables on diagenesis are easily distinguished.

Laterally equivalent diatomaceous and porcelanous strata have
been described in several localities in the Monterey Formation, but
in most places exposed strata are of limited extent (Bramlette, 1946).
Along the coast near Santa Barbara, however, between Goleta and Point
Conception, laterally equivalent diatomaceous and porcelanous strata
form a continuous exposure nearly 55 km long. Previous work showed
that these rocks consist of a distinctive compositional sequence
that includes abundant calcite-rich siliceous rocks and organic
phosphatic shales as well as clay-bearing siliceous rocks typical of
the Monterey in other parts of California (Bramlette, 1946; Dibblee,
1966). The area also contains, from east to west, diatomaceous,
opal-CT, and quartz sections--the same sequence of silica phases
observed widely, both experimentally and in the field, with increasing
diagenesis.

This study, then, concerns diagenesis in the Monterey Formation
examined laterally along the Santa Barbara coast (fig. 1). Three
principal questions are addressed. First, were the sediments that
are now laterally different originally similar? The answer is
approached by examination of the geologic setting, paleogeography,
and structural history of the area and by lateral examination of
sedimentary features, rock compositions, and distinctive strati-
graphic units within the Monterey Formation. Second, what caused
lateral differences in diagenesis? In addition to original differences
in the sediment, lateral differences in thermal and burial history

are examined. Third, and most important, what lithologic changes and















continental red beds which thicken eastward to more than 1,000 m
near Goleta.
Overlying this stratigraphic break is the Vaqueros Formation,
a coarse strandline or sandy bank-top deposit (Corey, 1965; Ingle,
in press). Ranging from 10 to 150 m in thickness, the Vaqueros Forma-
tion marks the initiation of subsidence in late Oligocene (Zemorrian)
time (Dibblee, 1950, 1966; Ingle, in press). Overlying the Vaqueros
is the Rincon Shale, which is latest Oligocene (latest Zemorrian)
to early Miocene (latest Saucesian) in age (Weaver, 1965). The Rincon
Shale is a slope deposit, about 500 m thick, consisting of mudstone
with sparse foraminifera and occasional dolomite concretions (Dibblee,
1950, 1966; Ingle, in press). Water depths increased rapidly to
1,000 m during Rincon deposition and pelletal phosphorite probably
indicates intersection of the slope with the oxygen minimum zone (Ingle,
in press). Stratigraphically above the Rincon Shale is a bentonite or
tuff, up to 25 m thick, which is considered part of the Tranquillon
Volcanics (Dibblee, 1950). The tuff marks the base of Monterey strata,
which are early Miocene (latest Saucesian) to late Miocene (late
Mohnian) in age. The Monterey Formation, which is about 400 m thick,
consists of carbonate-bearing siliceous rock near the base, calcareous
organic shale in the middle, and carbonate-free siliceous rock at the
top, with occasional sands and conglomerates in uppermost strata.
These Monterey rocks were apparently deposited in water depths of
1,000 to 1,500 m, within silled anaerobic basins (Ingle, in press).
Overlying the Monterey Formation, except where locally eroded, is
the Sisquoc Formation, a siliceous mudstone and siliceous shale unit.

Of late Miocene and Pliocene (late Mohnian and Delmontian) age, Sisquoc



strata were deposited in somewhat shallower bathyal depths than Monterey
strata (Ingle, in press). Although the top of the Sisquoc is nowhere
exposed, the formation is more than 1,100 m thick at Point Conception.
East of the study area, Pliocene siltstones and sandstones are locally
exposed lying unconformably over the Sisquoc Formation (Dibblee, 1966).
Offshore from Gaviota, near the Hondo Field, the Monterey Formation is
covered by Delmontian and younger Pliocene beds that are more than

2,000 m thick (U.S. Geological Survey, 1974).

Paleogeography

Structurally, the study area is located in the Santa Ynez block
of the western Transverse Ranges Province, where east-west tectonic
alignment was complete by late Oligocene or early Miocene time (Fischer,
1976). During the Neogene, the Santa Ynez block was part of the Santa
Barbara Basin area, which is the seaward extension of the Ventura Basin
(Fischer, 1976).

Because most of the Neogene Santa Barbara Basin is offshore,
information about the area is limited. 1In addition, available offshore
data may be irrelevant due to structural displacements after middle
Miocene time. Study of bathymetry patterns has concentrated on the area
immediately to the northwest and south of the Channel Islands (Arnal,
1976). Between this area and the Santa Barbara coast lies the East
Santa Cruz Basin fault system, with postulated lateral movement of
several hundred kilometers since middle Miocene time (Howell, 1975).
Monterey rocks now located near the northwestern Channel Islands,

therefore, may have been deposited several hundred kilometers south
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of rocks now exposed along the Santa Barbara coast and paleogeographies
of the two areas not closely related.

Paleogeography during Monterey deposition can be inferred to some
extent from evidence in deposits now onshore. Vaqueros strata were
deposited throughout the modern coastal area and to the north as far
as the Vaqueros strandline, located parallel to and about 20 km north
of the modern coastline (Fischer, 1976).. A few kilometers north of
the study location was a lower Miocene offshore bank, which extended
from near Point Conception east as far as Refugio (Corey, 1965).
Between Gaviota and Goleta the Vaqueros Formation thickens from 10 to
150 m, apparently as a result of lees of calm water on the southeast
side of this bank (Dibblee, 1950, 1966; Corey, 1965).

Rapid subsidence occurred during deposition of the lower Miocene
Rincon Shale with formation of an east-west basin. Based on paleodepths
inferred from foraminifera in the Rincon Shale, the deepest part of
this basin extended along or slightly to the south of the modern
coastline in late Zemorrian and Saucesian time (Edwards, 1971, p. 222-
223; Fischer, 1976). The strandline paralleled the modern
coastline about 20 km to the north (Fischer, 1976). Although the
southern limit of the Miocene basin is speculative, the strandline did
trend east-northeast from near Ventura in the modern onshore and may
have continued westward north of the Channel Islands (Fischer, 1976).

Monterey deposition was much more widely distributed than either
Vaqueros or Rincon deposition, apparently due to widespread subsidence
(Ingle, in press). To the north, the entire Santa Maria Basin was
submerged at this time so that the northern strandline was located

30 to 60 km from the study location (fig. 3). Scant data bear directly
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on bathymetric patterns within the Monterey Formation. However, those
areas bordering the basin which were positive before and after Monterey
deposition were also relatively positive during Monterey deposition,
even though at much greater water depths (Fischer, 1976). 1In addition,
studies of Pliocene and early Pleistocene paleogeography indicate that
the basinal trend at that time was similar to the trend during earlier
deposition of the Rincon Shale (Fischer, 1976). These relationships
strongly suggest that the Rincon basinal trend persisted during Monterey
deposition.

Paleogeography of onshore Miocene deposits suggests, then, that
all Monterey rocks in this study were probably deposited in a single
elongate east-west basin whose axis was more or less parallel with the
present coastline. To the north this basin was partly protected from
terrigenous debris by a submerged positive area only a few kilometers
distant. Conditions to the south, although largely speculative, suggest
a parallel submarine ridge, possibly north of the northern Channel
Islands.

Monterey sedimentation may have varied laterally to some extent
due to differences in protection from terrigenous debris. Whereas
the western part of the basin was 60 km or more distant from the
Miocene strandline and protected to the north by the Arguello positive,
east of Gaviota the basin was closer to the strandline and possibly
unprotected to the north. Although these features could have caused
significant lateral variation in terrigenous input, rapid deepening
prior to Monterey deposition probably minimized the variation. Deep
basins deficient in terrigenous sediment sources characterize middle

Miocene geography all around the Pacific margin (Ingle, in press).
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Most sediment first deposited in these basins was derived from biogenic
detritus with terrigenous debris insignificant until later stages of

basin filling.

Structure

In the area studied along the Santa Barbara coast, most tectonic
structures are mid-Pleistocene in age (Vedder and others, 1969). The
homocline formed at this time as well as numerous smaller folds and
faults, mainly east of Gaviota.

A major earlier structure is the Santa Ynez fault, which bounds
the southern Santa Ynez Range to the north. Total estimated offset
includes 3,500 m of relative vertical displacement (south side up),
mainly east of the study area, and slight left-lateral movement.

The fault splits near Gaviota Pass into two faults with relatively
little displacement. One split crosses the study area and both
apparently die out about 8 km west of the pass.

Although the exact time when faulting started is not known, most
displacement is post-Miocene. Mild structural deformation in the
modern offshore area began in early Pliocene time (Vedder and others,
1969) and some uplift of the Santa Ynez Range, presumably associated
with vertical displacement along the Santa Ynez fault, began in early

to middle Pliocene time (Dibblee, 1966).

Significance to Diagenetic Variation

Lateral diagenetic variations are apparently not attributable to
major differences in depositional environment or structural dislocationms.

The Monterey Formation studied is part of a thick section of sediments,
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mainly marine, now exposed in the south-dipping homocline along the
Santa Barbara coast. The formation is continuous throughout the area
and was apparently unaffected by major structural displacements.

Miocene paleogeography suggests that Monterey rocks in all sections
studied were deposited along the axis of a single anaerobic silled
basin. Sediment composition in this silled basin was not necessarily
laterally uniform, and protection from terrigenous debris may have
increased westward. However, the impact of this difference was probably
minimized both by distance from the shoreline and by rapid transgression

and deepening immediately prior to Monterey deposition.



CHAPTER 3

METHODS AND TERMS

Most methods used in this study are described fully in the appen-
dices. In this section, methods are briefly mentioned and usage of

important terms described.

Methods of Study

Investigation of Montery rocks along the Santa Barbara coast
concentrated on both primary sedimentary features and major diagenetic
processes. Study therefore included lateral lithologic correlation,
lateral age correlation, and examination of thermally produced changes

in organic matter as well as detailed petrology.

Stratigraphic Techniques

Lithologic correlations were based on field examination guided
by preliminary study of relationships between analytical data and
field characteristics (see p. 34-54). Most sections were taped and
parts of some sections measured in detail (see Appendix F). Age

dates are based on microfossil identifications listed in Appendix H.

Petrologic Techniques

Petrologic investigation concentrated on bulk characteristics of
rocks--particularly bulk chemical and mineralogical composition,

porosity, and field properties. The mineral composition was determined

15
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by interrelating X-ray diffraction and chemical analyses (see Appendix B).
Complete chemical analyses and semiquantitative trace element contents
are listed in Appendix A and mineral abundances of samples in Appendix G.
Methods of analysis of thermally produced differences in organic matter
are described in Appendix C.

Porosity values were derived from bulk density and grain density
measurements (see Appendix E) made on oven-dried samples matched with
powder splits used for determination of mineral abundances. A variety
of field characteristics (color, gross hardness, fracture and impact
properties, surface texture, and weathering features) was used to
integrate the analytical results with field occurrences. Some
permeability measurements were also made (see Appendix E), as well
as petrographic and SEM study.

Silica phases were determined by X-ray diffraction and, in the
case of diatomaceous rocks, checked by macroscopic or microscopic
examination. Measurement of opal-CT d~spacings is described fully

in Appendix D.

Terms

This section describes terms that are used throughout the study
with a special sense. The terms are grouped as follows: (1) rock
names; (2) minerals and materials in rocks; (3) terms used to compare

rocks.

Rock Names
Names of siliceous rocks have historically been based on differences

in surface texture and physical properties assumed to represent bulk
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compositional differences. Chert, as used by Bramlette (1946),
refers to both composition and surface texture, regardless of silica
mineralogy:

The name chert is applied to the relatively pure silica rocks

of the Monterey Formation that are dense and vitreous, regard-

less of whether they consist mainly of opal or mainly of

chalcedony * * * (p. 16).

Similarly, the term "porcelanite" refers to rocks with surface textures
resembling unglazed porcelain (Bramlette, 1946, p. 15).

In recent years, terms for siliceous rocks have become confused
with terms for silica minerals. In this usage, a chert is a rock
composed mainly of diagenetic quarkz and a porcelanite is a rock with
abundant opal-CT. This terminology is impractical and misleading.

The term "chert" is ineradicably associated with dense smooth-surfaced
rocks, many of which contain only minor amounts of quartz entirely

as detrital material. Conversely, in the Monterey Formation many
rocks containing diagenetic silica only as quartz have a grainy or
matte surface indistinguishable from that of opal-CT porcelanites.
Reliable identification of the silica phase requires X-ray diffraction.
The restriction of rock names to silica phases is also misleading
because siliceous rocks nearly always contain other materials.
Moderate amounts of some materials greatly affect the appearance and
diagenesis of rocks. In fact, the characteristic properties of
porcelanites may be caused as much by the detrital clays as by silica
minerals.

Rock names used in this study are descriptive terms based on

identifiable field or hand specimen characteristics, irrespective of

silica phase or any other feature determined solely by laboratory
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techniques. Field characteristics reflect mineral composition

to some degree, as will be described, but rock names are not defined
by mineral abundances. Similar definitions are used by several
other authors (e.g., Murata and Nakata, 1974; Keene, 1975).

Chert: an aphanitic rock with a smooth or sometimes vitreous
surface, considerable hardness (>5), toughness, and brittleness.

When fractured, cherts always break into angular fragments, usually
across bedding planes, and may fracture conchoidally.

Porcelanite: an aphanitic rock with a rough or somewhat grainy,
matte surface. Compared to a nonsiliceous mudstone or shale, it is
tough, brittle, and hard--but less so than a chert. Porcelanites
have hardnesses of 3 or less and, even where laminated or well bedded,
fracture irregularly with a rough splintery surface.

Siliceous mudstone (or siliceous shale): 1less distinctly sili-

ceous rocks which are massive (or finely layered) and free of carbonate.
Siliceous mudstones and siliceous shales have grainy surfaces, are

not brittle, and dent when impacted. They are, however, usually

harder and tougher than nonsiliceous mudstones and shales.

Mudstone (or shale): massive (or finely layered) fine-grained
rocks which do not have the characteristics of the rock types just
described. The term is not meant to imply high detrital content and is
generally used with descriptive modifiers--for example, calcareous or
diatomaceous.

Terms for carbonate-bearing rocks: A large proportion of the

rocks in this study contain some carbonate. Many of the rocks, whose
bulk compositions fall near the center of a carbonate-clay-silica

diagram, have no well-accepted nomenclature, and some suggested composi-



19

tional names are misleading. ''Cherty limestone,'" for example, does

not accurately describe an opal-CT-bearing coccolith-rich rock with

45 percent porosity. For this reason, and because most of the

calcareous (or dolomitic) rocks are macroscopically indistinguishable
from one another, they are usually described as calcareous (or

dolomitic) shales or mudstones. The exceptions are calcareous (or
dolomitic) cherts and occasionally calcareous (or dolomitic) porcelanites.
These terms are used for calcite-bearing (or dolomite-bearing) rocks

whenever applicable.

Minerals and Materials in Rocks

Silica, or silica component: all minerals (and mineraloids)

composed of silica or hydrated silica which is either biogenic or
derived from biogenic silica. The term includes amorphous opal,
opal-CT, and diagenetic quartz and excludes detrital quartz.

Amorphous opal: opal-A, as defined by Jones and Segnit (1971).

The term refers to the hydrated silica mineraloid composing siliceous
microfossil tests and frustules.

Opal-CT: a disordered, diagenetic silica mineral, as defined
by Jones and Segnit (1971), presumed to be composed of both a-cristo-
balite and a-tridymite. Opal-CT is often called cristobalite and has
many other names in the literature, as summarized by Wise and Weaver
(1974).

O0pal-CT d-spacing: the spacing of the principal XRD peak of
opal-CT at 21.5° to 22.0° (Cu Ko 28). This term has the same meaning

as "d-101 spacing of cristobalite," as used by some authors (e.g.,

Murata and Larson, 1975).
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"Order" of opal-CT: the structural state of opal-CT indicated
by the d-spacing of opal-CT. '"Disordered" opal-CT has relatively
high d-spacing values, "ordered" opal-CT has relatively low d-spacing
values, and "order" increases as d-spacing values decrease. ''Ordering"
is synonomous with "order" or indicates an increase in "order."
The terms are used with quotation marks because differences in the
structure of opal~CT may not be due to ordering (see p. 151-158).

Detrital minerals: detrital grains that are not biogenic.

The term excludes detrital biogenic debris (siliceous tests, calcareous
shells, and organic matter), closely related diagenetic minerals
(opal-CT, diagenetic quartz, and dolomite), as well as pyrite. Silt
and clay grains derived from arenaceous foraminiferal tests are,
however, included in detrital minerals.

Aluminosilicates: all detrital minerals except detrital quartz.

Organic matter: materials which are organic in the geochemical

sense--including all carbon compounds except oxides and carbonates
(Krauskopf, 1967, p. 283). The term excludes biogenic carbonate

and silica minerals.

Rock Comparisons

Component composition: the composition of a rock as expressed

by specific groups of minerals and materials (components)--namely,
carbonate minerals, detrital minerals, organic matter, apatite, and
silica.

Bulk composition: the chemical composition of the whole rock.

Rocks equivalent in bulk composition are also equivalent in component

composition except among carbonate-bearing rocks, where calcareous
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and dolomitic rocks with similar component compositions do not have
similar bulk compositions.

Relative detrital content: the percentage of detrital minerals

in the sum of detrital minerals + silica. Thus the relative detrital
content is the detrital content normalized to a basis free of carbonate,
apatite, organic matter, etc.

Relative silica content: the percentage of silica in the sum of

detrital minerals + silica.

Lithology: 'physical character of a rock, generally as determined
megascopically or with the aid of a low-power magnifier" (American
Geological Institute, 1962). As used here, diatomites are different

in lithology from porcelanites or cherts.

Laterally equivalent: closely similar in component composition,
age, and primary sedimentary features such as internal layering and
bedding. Lateral equivalents may be different in lithology due to
the presence of different silica or carbonate phases.

Laminated: characterized by very thin layering. "Regularly"
laminated rocks are marked by distinct, continuous laminations, usually
0.05 to 0.2 mm in thickness. While having prominent planar fabric,
"irregularly" laminated rocks (generally described as 'finely layered")
have comparatively few continuous laminations, usually 3 to 10 mm

apart.



CHAPTER 4

STRATIGRAPHY

An important step in the study was to determine whether lateral
diagenetic differences are related to variations in age. For this
purpose, the lithostratigraphic sequence was informally divided into
five members based on simple compositional and sedimentary differences.
Microfossil ages of member boundaries were then determined as a

framework for identifying lateral age differences.

Lithologic Members

The Monterey Formation studied along the Santa Barbara coast
contains a distinctive stratigraphic sequence. Compared to many
Monterey sections, it is unusual in having a thick carbonate-rich
base and a thick organic-rich, apatite-bearing shale in the middle
of the section (Bramlette, 1946; Dibblee, 1950). A similar litho-
stratigraphic sequence is also present in the Santa Maria Basin to
the north (Canfield, 1939).

Along the Santa Barbara coast, five lithologic members with
broad compositional differences are here defined and used informally
(fig. 4). Because virtually all rocks in the lower four members
contain calcite, these members together comprise the "calcareous
members." The uppermost, or siliceous, member is calcite-free.

In the following descriptions, rocks are outlined only for the

central part of the area, between San Augustine and Gaviota Canyons,
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Fig. 4--Lithologic members and

generalized lithologic
column of the Monterey
Formation between San
Augustine and Gaviota
Canyons. Regularly
laminated rocks are
cherts and porcelanites
(most resistant). Thin-

Siliceous Member

Upper Calcareous Shale Member

Transition Member

Organic Shale Member

Lower Calcareous Shale Member

Regularly Laminated
(Laminae < | mm.)

irregularly laminated or
thin - bedded

Massive or thickly
bedded

bedded rocks are carbonate-bearing shales (least

resistant).

Massive rocks include siliceous mudstones

in the siliceous member and calcareous cherts and
mudstones in the lower calcareous shale member.
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and stratigraphic thicknesses are taken from the San Augustine
section. Members, including bedding features characteristic of
different rocks, are more fully described in the next chapter

(p. 54-73).

Siliceous Member

This uppermost member consists mainly of porcelanites and
siliceous mudstones, with some cherty porcelanites and a few cherts
and siliceous shales. Thin (<3 mm) sand layers are common in parts
of the member, and some thicker (>5 cm) sand beds and conglomerates
occur locally. Except for occasional nodular dolomites, generally
in mudstone layers, no carbonate is present. The member is relativel

resistant to erosion. Thickness is about 155 m.

Upper Calcareous Shale Member

Underlying the siliceous member is the upper calcareous shale
member, in which all rocks contain calcite (or, in a few cases,
dolomite). Rocks are mainly calcareous cherty porcelanites and hard
calcareous shales, with some calcareous porcelanites and a few
organic-rich phosphatic shales. The member is moderately resistant

to erosion and is about 25 m thick.

Transition Member

The transition member contains a mixture of the lithologies
dominating the overlying upper calcareous shale member and the
underlying organic shale member. Less than half of the section
consists of the soft blebby calcareous shale characteristic of the

organic shale member while the rest is calcareous cherty porcelanites
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and hard calcareous shales. The member is about 40 m in

thickness.

Organic Shale Member

Underlying the transition member is the organic shale member,
which is dominantly composed of soft, easily weathered, organic-rich
calcareous shales bearing apatite blebs. The organic shale member
is the most poorly exposed member and least resistant to erosion.
Thickness is about 80 m, of which less than 15 percent is hard

calcareous shales or calcareous cherts.

Lower Calcareous Shale Member

This basal unit, which immediately overlies the bentonite
or tuff of the Tranquillon Volcanics, is composed mainly of hard
blocky calcareous (and in part dolomitic) mudstones apd shales, with
occasional calcareous cherts. The member is relatively resistant

to erosion. Thickness is about 95 m.

Age Correlation

Bramlette (1946, pl. 2) published two foraminiferally dated

25

sections along the Santa Barbara coast, at Naples and Point Conception.

Both sections include upper strata now included in the Sisquoc Forma-
tion (Dibblee, 1950, 1966). The Naples section is partly described
in Kleinpell (1938, table IV, fig. 6) and included by Wornhardt
(1972, fig. 17) in his revised biostratigraphy of the late Miocene
and early Pliocene. The lower part of Bramlette's (1946) Point

Conception section was almost certainly measured in Wood Canyon and
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so provides some information on stage boundaries in that section,
although no faunal lists or sampling localities were published.

In this study, foraminiferal stage boundaries were not precisely
located within sections. Rather, most microfossil sample localities
were placed as closely as possible to boundaries between lithologic
members in order to identify lateral age variation. Samples were
examined for benthonic and planktonic foraminifera, calcareous nanno-
fossils, and diatoms (for complete faunal lists, see Appendix H).

Most ages are based on Kleinpell's (1938) benthonic foraminiferal
zones and Wornhardt's (1972) revision of these zones. Some determina-
tions are based solely on Schrader's (1973) diatom zones as modified
by Barron (1976).

Due to facies control of benthonic fauna, benthonic foraminiferal
zones may be somewhat time-transgressive (Bukry and others, 1977;
Ingle, in press). Thus time equivalence cannot be precisely evaluated
from these microfossil age determinations. Problems of faunal time-
transgression, however, are probably minimized by the fact that Monterey
sediments studied along the Santa Barbara coast were deposited in
a single basin and extend a distance of only 55 km.

Using the biostratigraphic framework based on benthonic foramini-
feral zones, microfossil age determinations show that the Monterey
Formation ranges in age from latest Saucesian to mid or late Mohnian
throughout the area studied. Member boundaries in the lower calcite-
rich part of the section also appear to be laterally constant in
age (fig. 5).

The upper boundary of the Monterey Formation, however, is

probably not age-constant. The siliceous member is barren of fossils
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other than diatoms and arenaceous foraminifera, and its upper boundary
was approximately dated in this study only at the Elwood Beach

section. Judged from its age at Elwood Beach and at Naples Beach
(Kleinpell, 1938), the top of the siliceous member is latest Mohnian

in the eastern sections. In the west, however, the same lithologic
boundary is overlain by 500 m of Mohnian strata (Bramlette, 1946;
Appendix F, sec. 12). This relationship suggests that the top of the
siliceous member is younger in the eastern sections than in the western

sections.

Significance to Diagenesis

As shown by microfossil correlations, boundaries of most lithologic
members of the Monterey Formation in the study area are approximately
age-constant. One exception is the upper boundary of the Monterey
Formation, at the top of the siliceous member, which is probably
older in the western sections than in the eastern sections. As the
base of the siliceous member is approximately age-constant, however,
rock samples were obtained from the lower part of the siliceous member,
whenever possible, and can be considered age-equivalent. In sample
sets within each member, therefore, lateral diagenetic variations

are unrelated to age differences.



CHAPTER 5

PETROLOGY

A preliminary aspect of the study was to characterize the lithology
in order to evaluate original lateral similarities and differences.
In addition, a major aspect was to examine lithologic changes due to
increasing diagenesis. Most Monterey rocks along the Santa Barbara
Coast are aphanitic and contain few sedimentary structures. The
majority of contained minerals and materials are either cryptocrystal-
line or amorphous. It was necessary, therefore, to recognize lithologic
features that could be used to discriminate among rocks which are
similar in appearance. A second important step was to identify features
that indicate prediagenetic similarities among rocks which may be
quite different in appearance. For these purposes, bulk chemical
composition, primary sedimentary features, and diagenetic changes in
mineralogy and physical properties were examined.

In this part of the thesis, results of petrologic investigation
are described as follows: (1) minerals and other materials in rocks;
(2) characteristics of rocks, emphasizing the limits of discrimination
between rocks of different bulk composition or with different silica
phases; and (3) lithologic correlation of members and evaluation of
original lateral similarities and differences. Progressive changes
in lithology due to increasing diagenesis are described in the next

chapter.

29
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Minerals and Materials in the Rocks

Minerals and materials in Monterey rocks along the Santa Barbara
coast are grouped into the following principal components (for defini-
tions, see p. 19): silica, detrital minerals, carbonate minerals,
apatite, and organic matter. Other minor minerals include pyrite and
zeolite.

The abundance of the principal components in specific rocks was
determined by X-ray diffraction and chemical analysis (Appendix B).

In the descriptions that follow, hand specimen and petrographic charac-

teristics are emphasized.

Silica

Silica is either biogenic (amorphous opal) or diagenetic (opal-
CT and quartz). Silica is generally present in amounts ranging from
10 to 95 percent, but only a few percent in some dolomites.

Biogenic silica occurs as diatom frustules (including broken
debris) and as much less abundant silicoflagellate tests and sponge
spicules. Where present iﬁ émounts greater than about 20 percent,
diatom frustules are easily observed along bedding planes in hand
specimen, and very small amounts of diatom debris are detectable in
strew slides.

Opal-CT is mainly cryptocrystalline, although rare microcrystalline
aggregates can be observed in thin section. In large amounts opal-CT
can be differentiated from diagenetic quartz by its low refractive index,
but opal-CT was routinely identified by X-ray diffraction. In the
rocks studied, all opal-CT is inferred to derive from biogenic silica,

for thick stratigraphic sections of diatomaceous rocks are laterally
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equivalent to thick sections of opal-CT rocks. Mineralogically, opal-CT
rocks differ from diatomaceous rocks with the same bulk chemical com-
position only by the presence of opal-CT and the absence of diatom
frustules.

Diagenetic quartz is mainly cryptocrystalline except in some cherts
in the calcareous members and was routinely identified by X-ray
diffraction. Diagenetic quartz is inferred to be derived from biogenic
silica because thick sections of opal-CT rocks are laterally equivalent

to thick sections of rocks bearing diagenetic quartz.

Detrital Minerals

Detrital minerals are present in amounts generally ranging from
5 to 70 percent. 1In hand specimen, detrital minerals are most obvious
as flattened tests of arenaceous foraminifera, present as white pods
2 to 4 mm long with detailed coiled structures visible on bedding
surfaces. Where detrital minerals are abundant, micaceous grains are
also visible parallel to bedding.

Petrographically recognizable silt and large clay-sized particles
consist mainly of quartz, with plagioclase, K-feldspar, and occasional
colorless (or, rarely, brown pleochroic) mica. Silt-sized grains
may be scattered throughout the rock or concentrated in tests of arena-
ceous foraminifera. Clays occur as barely visible particles of moderate
refringence which are optically length-slow. In laminated rocks,
clays produce mass extinction parallel and perpendicular to bedding
but in massive rocks clays are more randomly oriented.

X~-ray diffraction analysis showed that the principal mineral in

the detrital fraction is mixed-layer illite-montmorillonite, with
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40 to 60 percent illite layers. Quartz, plagioclase, and K-feldspar
were also detected by X-ray diffraction, as well as small amounts of
mica and chlorite in the more detrital-rich rocks.

The mineralogical and chemical compositions of the detrital
fraction are apparently similar in all rocks, whether they contain
large or small amounts of detrital minerals (see Appendix B). Abun-
dances of trace elements, present mainly in detrital minerals, are

given in Appendix A.

Carbonate Minerals

Two carbonate minerals, calcite and dolomite, are present in
the rocks studied. Calcite, in amounts ranging from 2 to 80 percent,
is most obvious as foraminiferal tests but is probably mainly contained
in coccoliths. Judging from d-104 spacing measurements made on a
variety of samples, the calcite is low-magnesian (Goldsmith and Graf,
1958). This composition is characteristic of the calcareous micro-
fossils present (Milliman, 1974).

Dolomite occurs in amounts ranging from 2 to 90 percent. Dolomite
is not visible in hand specimen but is usually obvious in thin section
as small colorless crystals, often with rhombohedral form. Because
many calcareous rocks contain a few percent dolomite and because
lateral equivalents of calcareous cherts and shales with a wide range
of bulk compositions contain dolomite as the only carbonate mineral, most
dolomite is inferred to be a replacement of calcite. Dolomite is also
present in relatively pure concretions, nodules, and layers. Judging
from three analyses of calcite-free dolomitic rocks, the mineral is

actually proto-dolomite, with a considerable excess of calcium. Dolomite
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is also high in strontium, probably inherited from calcite, and contains

some iron and manganese (see Appendix A).

Organic Matter

Unweathered samples contain 1 to 16 weight percent organic carbon,
equivalent to about 0.5 to 24 percent organic matter. Because of its
relatively low density, this amount of organic matter represents a
larger volume percentage--as high as 45 percent--so that in some rocks
organic matter is the predominant component by volume.

The presence of organic matter is indicated by the dark color of
many rocks and their bituminous smell when fractured or cut. Organic
matter is not easy to identify, however, either in hand specimen
or thin section. In addition, darkness is not always a reliable
indication of abundance, as some dark rocks contain only small amounts
while pale rocks may contain much more abundant organic matter (see
p. 55).

Most organic matter is in the form of kerogen, a solid mineraloid
whose structure is difficult to characterize. All of the organic matter
is thermally immature and contains little extractable hydrocarbon which

is highly asphaltic (see Appendix C).

Apatite

Apatite, in amounts from 1 to 20 percent, occurs as bone fragments,
pure nodules, and as disseminated nodular bodies. In hand specimen,
apatite is most obvious as white, cream, or slightly rose-colored blebs
which are usually somewhat more resistant to weathering than the
organic shales in which they occur. In rocks where the apatite is less

concentrated, it is sometimes detectable as white flecks. Apatite
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is sometimes detrital, as pellets in sandstones, but more commonly
occurs in nodules or disseminated nodular bodies surrounded by frag-

ments of partially replaced foraminifera tests.

Other Minerals

Small amounts of pyrite occur in nearly all unweathered rocks, as
small round or cubic grains, sometimes with a framboidal form. Amounts
of pyrite in a variety of rocks were estimated by comparison of iron,
sulfur, and organic carbon contents combined with petrographic estimates.
Most rocks probably contain less than 0.5 percent pyrite, although
a few contain as much as 2 percent. Pyrite undoubtedly formed after
deposition, at least in some rocks, as it occurs inside some foramini-
fera tests.

Small amounts of zeolite, detected by X-ray diffraction, are present
in a few rocks in the lower calcareous and organic shale members of the
eastern area. Only the most detrital-rich rocks contain any zeolite,
which is probably clinoptilolite. Association with volcanic glass is
suggested by its distribution in the lower two members in the eastern
sections, where there are several thin beds of fresh volcanic glass.

No shards, however, were detected in the zeolite-bearing rocks.

Rocks

Monterey rocks along the Santa Barbara coast are naturally divided
into two main compositional groups: siliceous (carbonate-free) rocks,
present only in the siliceous member, and carbonate-bearing rocks,
present only (except for nodular dolomites) in the lower four carbonate-

bearing members. A third group, the organic shales, has been distinguished
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from other carbonate-bearing rocks because of its abundance in the
organic shale member and its restricted range of chemical compositions.
In this part of the study, field and analytical properties of
typical rocks are described, with emphasis on macroscopic characteris-
tics. Since these characteristics are affected as much by diagenetic
mineral changes as by chemical composition, all diatomaceous rocks are
treated separately and distinctive properties of dolomitic rocks
delineated after calcareous rocks. A rare rock type, "unusual” quartz
chert, is described in the next chapter (p. 136). Rock names are

defined on pages 16-19.

Diatomaceous Rocks

Rocks with moderate to high diatom contents are very distinctive
even when they contain abundant calcite, apatite, or organic matter.
Common characteristics include softness (<2), low resistance to erosion,
friability, and low bulk density. Compared to rocks of similar bulk
composition containing diagenetic opal-CT or quartz, diatomaceous
rocks are easily distinguished petrographically by the presence of
diatom debris. Also, arenaceous and calcareous microfossils are
usually less compacted in diatomaceous rocks.

Among moderately to highly diatomaceous rocks, variations in
silica content have only slight effect on field properties. Darkness,
irrespective of organic matter content, and bulk density both increase
with detrital content. In the field, however, small variations in
water content may mask both differences. Thus the term "diatomaceous
shale" covers a wide range of bulk compositions.

Sparsely diatomaceous rocks are easily distinguished in the field

from other diatomaceous rocks by their greater density, smaller
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friability, and darker color. Some sparsely diatomaceous rocks are
difficult to identify as diatomaceous, however, as diatom frustules

in small quantities cannot be reliably detected in the field. Because
detection is only impractical below about 20 percent frustules

(W. W. Wornhardt, pers. commun., 1976), even the most detrital diatoma-
ceous rocks in the siliceous member are identifiable. However, diatoms

are difficult to detect in many calcareous diatomaceous rocks--particularly
those in the organic shale member. In addition, the latter rocks are not
easily distinguished, by physical characteristics, from rocks of similar
bulk composition containing small amounts of silica entirely as

opal-CT or quartz.

Siliceous Rocks

The main components of siliceous (carbonate-free) rocks are
biogenic or diagenetic silica and detrital minerals. Aléo present
are 1 to 10 percent organic matter and small amounts of pyrite (<2
percent). Petrographically, the rocks appear to be largely isotropic,
whether the silica is contained in diatoms, opal-CT, or quartz.
Recognizable particles are mainly silt and large clay-sized detrital
minerals, often in arenaceous foraminifera tests, and some barely
visible clay particles.

Differences in analytical characteristics generally distinguish
siliceous rock types defined by field properties. Among opal-CT
rocks, average detrital content increases progressively from cherts
or cherty porcelanites, to porcelanites, and then to siliceous mudstones
or shales. Total compositional ranges of these rock types, however,

overlap to some extent (fig. 6A). Siliceous rock types also vary in



37

% dybiam ‘ juajuod D1|IS

"sj201 10-Ted0 (V)

(°sTSeq 9213-OTuB810 UO SanTep)
woxjy S2U03Spnul SNOJIITIS pue ‘sajrueradiod €s3jaayd JO S3ULJUOD TEBITIIDP PUB BOTITIS~--9 °*BT4

seuoyspnw
SN08JI|iIS pup $84(uDjea.sod
$0|0Yys $94JUDJB2J0Y Kseyd
$N08dI|IS puD s§ieyn
00lI 0
..
08 |- — 0¢
@
® o®
P %
09 @ — oY
J.
..
- ®
ob ‘.. -4 09
(]
oL
o
0¢ 08

o, iyblam ‘juajuod |pieuIW |D}iI}a(Q

(0} 4

09

*s)¥201 ziaend (g)
*IaquauW SMOJITITIS 9Y3

sauoispnw
$N08JI|IS puD $8}1upjeviod
$9|DYsS $9}IUD|8240d Kjieyo
sNnovdI (IS puo sjJeyd
Og O
o%
i N
o ‘ -~
o
oo“
o0
0e®
e .. -
o
o
o

0ol
08
®
mll.
Q
S
09 3
®
3
.W
®,
<«Q
E s
ov &*
0z



38

average bulk density. Compared to values of porcelanites (1.39 to
1.51 g/cc), bulk densities are slightly greater among siliceous shales
and mudstones (1.49 to 1.66 g/cc) and distinctly greater among cherts
and cherty porcelanites (1.55 to 1.83 g/cc).

Considering their distinct field properties, opal-CT cherts are
surprisingly similar in analytical characteristics to some opal-CT
porcelanites. Most cherts and cherty porcelanites, for example, are
only slightly more detrital than the most siliceous porcelanites. 1In
addition, even though they are distinctly denser than opal-CT porcelanites,
opal-CT cherts are not as dense as might be inferred from their smooth,
sometimes vitreous surface. Although usually assumed to reflect pore-
filling, cherty texture may actually be due to crystal habit, and this
possibility is discussed later (see p. 158).

As with opal-CT rocks, the average detrital content among quartz
rocks also increases progressively from cherts to porcelanites and
then to siliceous mudstones and shales (fig. 6B). 1In contrast to
opal-CT rocks, however, bulk densities of quartz porcelanites do not
tend to be smaller than values of more detrital rocks. In fact, although
data are sparse, bulk densities seem to increase with increasing silica
content from siliceous shales and mudstones (1.75 to 1.97 g/cc) to
porcelanites (1.93 to 2.03 g/cc) to cherts (2.05 to 2.30 g/cc).

Among opal-CT and quartz rocks, physical differences related to
chemical composition are pronounced in the field. In addition to
hardness, toughness, properties of fracturing, and surface textures
(see description of rock names, p. 18), weathering characteristics
also differ among siliceous rocks. The most important distinguishing

feature is resistance to erosion, which increases with silica content.
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Weathering products also vary. In weathered exposures, the more
siliceous rocks are commonly stained with orange limonite while the
more detrital rocks are stained with yellow jarosite. 1In addition,
although most rocks are brown or black where fresh, weathered surfaces
differ in color. Lightness usually increases with silica content so
that the most siliceous rocks are typically white. Some opal-CT and
quartz cherts, however, may be black, even where deeply weathered.
Differences between opal-CT rocks and quartz rocks are much less
pronounced and distinction is ordinarily impractical in the field.
Quartz rocks are denser and usually darker, but weathering and water
saturation obscure these differences. Surface textures in hand
specimens, fracturing and weathering characteristics are similar
(fig. 7). Quartz porcelanites, when licked, adhere to the tongue less
commonly than opal-CT porcelanites. This, however, is not a reliable
diagnostic characteristic because: water saturation eliminates this
property in all rocks; detrital-rich opal-CT porcelanites are not
adherent, even when dry; and some quartz porcelanites are adherent,

especially when weathered.

Calcareous Rocks

Component compositions of calcareous rocks from the upper and
lower calcareous shale and transition members vary considerably
(fig. 8A). Many calcareous rocks are essentially calcite-bearing
siliceous rocks, with calcite contents averaging 10 to 30 percent and
the silica component over 50 percent. Only a few samples contain

more than 60 percent calcite.
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the organic shale member. Organic shales are composed of small to
moderate amounts (5-25%) of biogenic or diagenetic silica, moderate
amounts (10-25%) of organic matter, and moderate to large amounts

(10-60%) of detrital minerals and calcite.

Field characteristics and physical properties of these rocks
depend mainly on the dominant silica phase and the chemical composition
of the rock. In terms of silica phase, field characteristics differ
most between diatomaceous rocks and rocks bearing diagenetic silica
(either opal-CT or quartz), while field characteristics of opal-CT
rocks differ only slightly from those of quartz rocks. Compared to
diatomaceous rocks, most rocks bearing diagenetic silica are much
harder, denser, much more cohesive and brittle, and much more resistant
to erosion; as a result, physical characteristics alone generally
distinguish these two groups of rocks in the field. By contrast, quartz
rocks broadly differ from opal-CT rocks mainly in their greater bulk
density so that differentiation between the two groups is usually
impractical in the field. Another important effect of silica phase
is that field characteristics of all diatomaceous rocks are relatively
similar, irrespective of chemical composition, while distinct physical
differences exist among rocks bearing diagenetic silica. For this
reason, field discrimination between various diatomaceous rocks is
much more difficult than between various rocks bearing abundant
diagenetic silica.

In terms of chemical composition, field characteristics of opal-CT
and quartz rocks are mainly influenced by the proportion of detrital
minerals to silica. As this proportion increases, cohesiveness, hard-

ness, and brittleness all decrease. Relative detrital content affects
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bulk density in a more complex way. Among opal-CT rocks, detrital-rich
and detrital-poor rocks are denser, while rocks with moderate detrital
contents are lighter. Among quartz rocks, bulk densities tend simply
to increase with silica content.

Carbonate also affects field characteristics, but to a lesser
extent. All carbonate-bearing rocks, for example, are somewhat denser
than carbonate-free rocks of similar composition and silica phase.

In addition, except in cherts, both cohesiveness and gross hardness
tend to decrease with calcite content, while cohesiveness increases

somewhat with dolomite content.

Lateral Lithologic Correlation

This part of the study examines members in relation to original
sedimentary characteristics. Diagenetic changes in silica minerals
had sufficient impact on physical properties that rock names, which
are based on field characteristics, differ between rocks with identical
chemical compositions. Thus lithology--in a strict sense--is not
laterally constant along the Santa Barbara coast, even within each
member. By disregarding silica mineral phases, however--and, in addi-
tion, substitution of dolomite for calcite~~original lateral similarities
become apparent.

In the following sections, lateral similarities and differences
are evaluated by examining the range of component compositions and the
primary sedimentary features typical of rocks in each member. First,

however, it is necessary to consider bias due to sampling strategy.
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Sampling Bias

Several sources of sampling bias are likely to affect comparisons
of component compositions between different sections. Generally,
samples were collected either because of their apparent freshness
or to provide information on silica phases in rocks of the widest
possible range of compositions. Sample sets therefore were not
specially designed as random sets and do not always accurately represent
median compositions.

Two sources of bias particularly affect comparison of diatomaceous
sections with sections containing abundant diagenetic silica. First,
all diatomaceous rocks have relatively similar field characteristics.
In the easternmost sections, therefore, highly siliceous rocks are
less likely to have been collected because they are not distinguished
by high resistance to erosion as they are in the central sections.

The second source of bias derives from the presumption made
during sampling that darker rocks are fresher. Comparison of bulk
darkness (color value) with organic analyses and component compositions
subsequently showed that darkness may be more affected by other rock
properties than by freshness. Darkness mainly increases with sample
translucence-—-probably because of greater light absorption with deeper
penetration--and also with clay content. Among diatomaceous rocks,
then, where most sample surfaces are quite opaque, detrital-poor
rocks may be pale grey even with large amounts of organic matter.

Since darkness increases mainly with detrital content, sampling of

diatomaceous rocks was biased towards detrital-rich samples.
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Siliceous Member

This member contains mainly siliceous (carbonate-free) rocks.
Other rock types include occasional nodular dolomites and sandstone
beds, and scarce conglomerates.

Rocks in the siliceous member are usually divided into units,
1 to 3 m thick, which are alternately laminated and massive. Laminated
units consist mainly of moderately to highly siliceous rocks, while
massive units consist of detrital-rich mudstones (figs. 4, 15).
Thin (1-2 mm) sand layers are locally common in laminated rock.
Dolomites, on the other hand, are typically large (0.5-1 m long) strati-
form nodules in mudstone units. Layering and bedding are similar

throughout the area, irrespective of the silica phase present (fig. 16).

The siliceous member can be distinguished from the overlying
Sisquoc Formation by several features. Where both are nondiatomaceous,
the Sisquoc is ordinarily recognized by its higher average detrital
content, much greater proportion of mudstone to laminated or fissile
rock, pencilly weathering of porcelanite, and the grey (rather than
brown) tone of fresh mudstone. Even where both the Sisquoc and the
siliceous member are partly or entirely diatomaceous, the Sisquoc can
be distinguished by its higher proportion of mudstones and comparatively
poor bedding.

Compositions of siliceous rocks are quite similar laterally,
except that detrital content appears to be somewhat high in the eastern
sections (fig. 17). Although partly due to sampling bias, as described,
this relationship may also reflect a small lateral difference in the

original average sediment composition.
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Upper Calcareous Shale Member

This member consists mainly of calcareous and dolomitic rocks.
Other rock types include organic shale (5 percent or less) and
occasional unusual quartz cherts with sparse or no carbonate and very
minor detrital mineral content.

Rocks in the upper calcareous shale frequently occur in units,

1 to 2 m thick, which tend to grade downward from highly siliceous,
sometimes cherty, rock through moderately siliceous rock to detrital-
rich shales (fig. 4, 18A). Downward grading, however, is not always
apparent and some units tend to be divided into an upper silica-rich
part and a lower detrital-rich part (fig. 18B). In either case, thin
(about 3 mm) beds of contrasting composition are frequently inter-
spersed throughout the units. All rocks are finely layered, but the
most siliceous rocks are the most distinctly and regularly laminated.
Layering and bedding are similar throughout the area, irrespective of
the silica or carbonate phases present (fig. 19).

The upper boundary of the upper calcareous shale member is easily
distinguished in most sections by the absence of disseminated carbonate
in the siliceous member. Only where outcrops are extremely weathered,
or where the upper calcareous shale member contains carbonate mainly
as disseminated dolomite, does differentiation from the siliceous member
require careful field examination. Two additional distinctive charac-
teristics of the upper calcareous shale member (where nondiatomaceous)
are mottled weathering and abundance of very cherty rocks.

Compositions of rocks in the upper calcareous shale member are
quite similar laterally (fig. 20), except for the presence of a few

unusual quartz cherts low in both carbonate and detrital minerals in
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some of the westernmost sections. These rocks are apparently not

lateral equivalents of any rocks further east.

Transition Member

The transition member contains a mixture of the lithologies
characteristic of the member immediately overlying and the member
immediately underlying. Calcareous and dolomitic rock represents
about 70 to 75 percent of the section and organic shale represents
about 25 to 30 percent of the section.

These two lithologic types are not usually intimately inter-
layered. Sets of more siliceous calcareous beds without organic
shales may be 3 m thick while some sequences of organic shale are as
much as 6 m thick. Layering in the organic shales is similar throughout
the area, whether silica is amorphous opal, opal-CT, or quartz (fig. 21).

The boundary between the upper calcareous shale member and the
transition member is marked by an abrupt downward increase in the
abundance of organic shale, which changes from 5 percent or less
above to 25 to 30 percent below the boundary. In addition, the
abundance of highly siliceous rock decreases gradually from about
40 percent to about 15 percent below the boundary. In nondiatomaceous
sections, the downward decrease in abundance of carbonate-bearing
cherts and porcelanites is quite distinctive in the field. In partly
or entirely diatomaceous sections, where field characteristics do not
vary as markedly with composition, this boundary is difficult to
distinguish and was placed only approximately.

Compositions of rocks have a greater range in the transition

member than in any other member. For this reason, and because only
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a few samples were analyzed from this member, its lateral variability

is not examined in detail.

Organic Shale Member

This member consists mainly of organic shales. Other rock types
include about 10 percent calcareous rock, occasional unusual quartz
chert, and scarce dolomite. In addition, some volcanic ash beds
are present in the section at Naples and thin montmorillonite-rich
beds in the section at Gaviota.

The organic shale member is the most homogeneous member, forming
a nearly continuous sequence with infrequent distinct beds. The rocks
are not regularly laminated, but they are fissile and typically
contain thin layers or nodules of apatite (fig. 22). The member also
contains some disturbed zones (fig. 21, right).

Where exposed, the boundary with the overlying transition member
is relatively easy to recognize in all sections. In nondiatomaceous
sections, less than 10 percent of the organic shale member is repre-
sented by rocks relatively resistant to weathering, whereas about 30
percent of rocks in the transition member are relatively resistant
to weathering even near its base. In partly or entirely diatomaceous
sections, the boundary can be distinguished by an abrupt downward
decrease in variability of sediments and in abundance of regularly
laminated rocks.

Compositions of rocks in the organic shale member are quite
similar laterally (fig. 23), except for the presence of a few unusual

quartz cherts in the central part of the area.
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Lower Calcareous Shale Member

This member consists mainly of calcareous and dolomitic rocks.
Other rock types include minor organic shale (less than 5 percent),
occasional unusual quartz cherts and bedded dolomites, scarce intra-
formational breccias, and sandstones.

Rocks in the lower calcareous shale member are, as a whole,
relatively resistant to weathering. The upper part of the member is
usually shaly, containing fissile or finely layered, but not laminated,
rock. Beds of shale as much as 6 m thick are also present in some
sections even near the base, but the great majofity of rocks are
well-bedded mudstones without distinct fine-scale layering. Bedding
in the lower calcareous shale member is similar throughout the area
(fig. 24).

The boundary with the overlying organic shale member is relatively
easy to distinguish. Even though usually fissile and sometimes con-
taining thin layers of white apatite nodules, uppermost rocks in the
lower calcareous shale member are distinctly more siliceous than rocks
in the organic shale member. 1In nondiatomaceous sections, the boundary
is marked by an abrupt downward increase in resistance to weathering,
decreased organic matter, and increased silica content. At Naples,
where this boundary occurs in diatomaceous rocks, it is marked by an
abrupt downward decrease in bulk density and resistance to weathering,
and a decrease in darkness of fresh rock.

Where the underlying tuff or bentonite is well exposed, the lower
boundary of the lower calcareous shale member is easy to recognize.
West from Cojo Canyon, the tuff and associated tuffaceous sediments

are quite thick--as much as 20 m--and unmistakable. East from Gaviota
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Canyon, a bentonite bed, sometimes only 25 cm thick, lies near the

base of all sections. Between Cojo and Gaviota Canyons, however, no
tuff or bentonite was detected, and the lower boundary was placed

at the top of the Rincon Shale. 1In contrast to well-bedded carbonate-
rich rocks of the lower calcareous shale, the Rincon Shale consists
mainly of massive mudstones with little carbonate. In addition, the
Rincon is rich in swelling clay, is poorly exposed, and is readily
eroded, forming slopes with many large landslides. These characteris-
tics provide a close approximation of the boundary between the Monterey
Formation and the Rincon Shale, even where it is unexposed.

Laterally, compositions of rocks in the lower calcareous shale
member are similar (fig. 25). One difference not apparent from
component compositions is the presence of small amounts (to 5 or
10 percent) of zeolite at the Naples and El Capitan sections. Zeolite

occurs only in the most detrital rocks.

Summary and Conclusions

Monterey members exposed along the Santa Barbara coast are
distinguished by rocks of specific component compositions with
characteristic primary sedimentary features. The siliceous member
contains mainly siliceous rocks and, except for nodular dolomites,
virtually no carbonate. Rocks occur in units (1-3 m thick) consisting
of alternate sets of laminated rock, which is more siliceous, and
massive rock, which is more detrital. The upper calcareous shale member
consists mainly of calcareous and/or dolomitic rocks, all laminated
or finely layered, and commonly occurring in units (1-2 m thick)

in which silica content tends to decrease downward. The transition
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member contains both calcareous and/or dolomitic rocks and organic
shales, frequently in thick (2-6 m) alternating sets. The organic
shale member consists mainly of organic shale--fissile but not
regularly laminated--in a homogeneous sequence with infrequent distinct
beds. The lower calcareous shale member mainly contains calcareous
and/or dolomitic rocks. Although fissile near the top of the member,

most rocks are well-bedded mudstones without fine layering.

Lateral comparisons show that the range of component compositions
as well as primary sedimentary features of rocks in each member are,
in general, laterally constant. One difference suggested by lateral
comparison of compositions is that rocks in the siliceous member seem
to be somewhat more detrital-rich in the eastern part of the area,
but this difference is partly due to sampling bias. Another difference
is indicated by unusual quartz cherts--locally present in the calcareous
members—~-which apparently do not have lateral equivalents. With these
minor exceptions, however, lateral comparisons show the original

similarity of Monterey sections examined along the Santa Barbara coast.



CHAPTER 6

DIAGENESIS

Paleogeography, structure, and lithologic correlation all suggest
that the sections of Monterey rocks along the Santa Barbara coast
examined in this study were originally similar when deposited. Present
lateral differences between sections are therefore due to differences
in postdepositional changes, or diagenesis.

This part of the thesis examines the lateral diagenetic changes
and evaluates the processes involved in diagenesis. Topics are dis-
cussed as follows: (1) previous work on diagenesis of diatomaceous
rocks and background material on factors promoting diagenesis; (2) cause
of lateral diagenetic differences along the Santa Barbara coast;

(3) lateral diagenetic changes, including (a) progressive changes

in lithology, silica minerals, and porosity for rocks of each member;

(b) evidence concerning effects of compositional variables on timing

of diagenetic changes; and (c) lateral irregularities; and (4) diagenetic
processes--including solution, precipitation, movement of silica,

compaction, cementation, and solid-state changes.

Background on Diagenesis of Diatomaceous Rocks

What is known about the diagenesis of diatomaceous rocks? Most
information concerns silica diagenesis, or changes of the silica
phases in the rocks. General results on silica diagenesis from field

studies of diatomaceous rocks will therefore be presented first,
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together with some results from experimental studies and from work on
the chemistry and structure of silica minerals. Information on
lithologic changes--which are comparatively poorly known and which

have not, in general, been studied comprehensively--is then summarized.

Silica Diagenesis in Diatomaceous Rocks

The amorphous opal (opal-A) in diatom frustules is both unstable
and quite soluble under near-surface conditions. After slight burial,
however, little silica seems to dissolve from frustules, and thick
sequences of buried diatomaceous sediments and rocks show that abundant
amorphous opal can resist dissolution near the top of the sediment
column. As diagenesis increases, however, the silica in opal-A changes
to another metastable silica mineral--opal-CT--before forming quartz,
which is the stable silica phase under conditions of moderate burial
(Murata and Larson, 1975; Mitsui and Taguchi, 1977). Opal-CT also
usually forms from silica dissolved from diatom frustules in low-
temperature experiments (Kastner and others, 1977).

In diatomaceous rocks, the transformation of amorphous opal to
opal-CT ordinarily involves both solution and precipitation. This
conclusion can be inferred from the fact that opal-CT naturally occurs
in forms--sometimes, as in lepispheres, quite distinctive forms--
which are completely different from diatom frustules (Weaver and
Wise, 1972; Florke and others, 1975; Hein and others, 1978). A
solution-precipitation mechanism is also shown by changes in isotope
ratios and in porosity which are associated with the transformation

(Murata and Larson, 1975).
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Why, if it is not stable, does opal-CT form at all? Metastable
formation of opal-CT is usually attributed to low energy during
crystallization and to high silica concentrations in solution.
According to Jones and Segnit (1972), silica tetrahedra tend to poly-
merize in saturated solution and may link together to form six-membered
rings of particularly low energy; coalescence of these rings, because
of their geometry, then results in either a cristobalite or tridymite
structure depending on differences in one~dimensional stacking order.
Apparently quartz does not ordinarily form from the solution of
amorphous opal because silica is excessively saturated with respect
to quartz (Kastner and others, 1977). Precipitation of a silica phase
is apparently not favored unless the concentration of silica in
solution is only slightly over-saturated with respect to that particular
phase (Murata and Larson, 1975; Kastner and others, 1977). Since the
solubility of opal-CT is intermediate between that of amorphous opal
(higher) and that of quartz (lower), opal-CT forms much more easily
than quartz (Fournier, 1973; Murata and Larson, 1975). Incorporation
of extraneous ions into the mineral structure may also stabilize
opal-CT, as suggested by Lancelot (1973).

Since opal-CT forms metastably, conditions favoring its formation
are difficult to predict. Empirical observations, however, indicate
that temperature is a major factor in promoting the transformation
in diatomaceous rocks (Murata and Larson, 1975; Hein and others, 1978).
Many other factors--including time, sediment composition, and permea-
bility~--have been suggested as influencing the reaction rate (see
Kastner and others, 1977). Experimental work at low temperature indi-

cates that crystallization rates rather than solution rates govern
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the reaction (Kastner and others, 1977). For this reason, formation
of opal-CT in silica-rich sediments is not necessarily enhanced by
the introduction of dissolved silica, which is abundant and easily
available once opal-CT nucleates. Experiments also suggest that
foraminiferal calcite promotes, and clay retards, crystallization
(Kastner and others, 1977).

Once opal-CT has formed from silica in diatomaceous rocks, its
transformation to quartz can be considered a function of kinetics.
Conditions which are likely to promote the change thus include:
higher temperature (due to greater burial depth or greater heat flow),
longer time, greater surface area, greater permeability, and faster fluid
flow. 1In addition, the transformation may be affected by the chemical
environment or the presence of other minerals, although these factors
have not been studied in rocks of diatomaceous origin. In radiolarian
rocks, however, calcite is though; to promote the formation of quartz
from opal-CT (Keene, 1975; Robertson, 1977).

The mechanism of the transformation of opal-CT to quartz is disputed.
On the basis of experimental work at 300° to 500°C by Ernst and Calvert
(1969), the transformation has been widely stated to occur by solid-
solid reaction. However, reinterpretation of these experimental data
(Stein and Kirkpatrick, 1976), other experimental studies (Mizutani,
1977), and recent field studies (Murata and Larson, 1975) all show
that solution-precipitation is the more probable mechanism in rocks
of diatomaceous origin. In addition, growing evidence suggests that
the transformation of opal-CT to quartz is either aided by, or requires,
the "ordering" of opal-CT (Murata and Nakata, 1974; Murata and Larson,

1975; Mizutani, 1977). This relationship has been explained by
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differences in solubility among opal-CTs with different structures.
"Disordered" opal-CT, like amorphous opal, dissolves to form solutions
with silica concentrations which are apparently excessively over-
saturated with respect to quartz for precipitation of quartz to occur
(Murata and Larson, 1975; Kastner and others, 1977). '"Ordered"
opal-CT, however, is inferred to be less soluble than '"disordered"
opal-CT so that quartz is favored for precipitation from solutions

in equilibrium with opal-CT once it is "ordered" (Fournier, 1973;

Murata and Larson, 1975; Kastner and others, 1977).

Lithologic Changes of Diatomaceous Rocks

Comparatively little is known about diagenesis in diatomaceous
rocks other than silica phase changes. 1In terms of lithology, rocks
generally change with increasing diagenesis from diatomites and
diatomaceous shales and mudstones to opal-CT porcelanites and then
to denser quartz porcelanites (Murata and Nakata, 1974; Murata and
Larson, 1975). The most siliceous diatomites, however, are inferred
to change to opal-CT cherts and then to quartz cherts (Murata and
Nakata, 1974; Murata and Larson, 1975).

Many specific lithologic characteristics are also altered during
diagenesis of diatomaceous rocks--particularly porosity, bulk density,
permeability, and ultra-structure. Of these, bulk density has received
most attention. Hamilton (1976), who measured bulk densities and
rebound of deep-sea sediments, shows progressive compaction in diatoma-
ceous ooze as burial depth increases from 0 to 500 m. With greater
burial--in thick stratigraphic sequences progressing downward through

diatomaceous, opal-CT, and into quartz rocks--a general increase in
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bulk density with burial depth is also shown by Mitsui and Taguchi
(1977) in well cores and by Murata and Larson (1975) in surface
samples. In addition, both porosity and bulk density have been studied
in conjunction with bulk chemical composition of diatomaceous and
opal-CT rocks from well cores in the San Joaquin Valley (Isaacs and
Beyer, in prep.). That study shows that porosity abruptly decreased
during formation of opal-CT and documents reductions, within 50
stratigraphic meters, of as much as 20 porosity percent in rocks of
equivalent composition. Published data on permeability are few,

but indicate ranges in diatomaceous rocks (Stosur and David, 1976).

Cause of Lateral Diagenetic Differences

Lateral diagenetic differences in the Monterey rocks studied
along the Santa Barbara coast are almost certainly due to lateral
differences in temperature and burial depth. This conclusion can be
drawn from two sets of direct evidence--thickness of late Monterey
and post-Monterey strata; and composition of organic matter within
the Monterey.

The original total thickness of overburden cannot be measured
directly. Erosion, due to exposure resulting from mid-Pleistocene
deformation, has removed part of the strata originally lying above
the Monterey. Differences in maximum burial depth, however, can be
inferred from late Miocene sediment thicknesses in two sections
exposed at the extreme ends of the study area. In the syncline at
Point Conception (west end), Mohnian strata are 800 m thick and
tentative Delmontian strata 550 m thick; by comparison, at Naples

(east end), Mohnian strata are only 140 m thick and Delmontian strata
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only 150 m thick (Bramlette, 1946, pl. 2). Adjusted to a level of
compaction comparable to that at Naples, strata at Point Conception
(with average porosity 35 percent) would measure 1000 m for the
Mohnian (at 50 percent porosity) and 850 m for the Delmontian (at
60 percent porosity) (fig. 26A). Thus the weight of Mohnian and
Delmontian strata at Point Conception was over six times that of
age—-equivalent strata at Naples.

In areas with average geothermal gradients, widespread opal-CT
generally forms at 600 to 700 m and quartz at about 2000 m (Murata
and Larson, 1975; Hein and others, 1978). High geothermal gradients
offshore Point Conception (McCulloh and Beyer, 1979) suggest, however,
that phase transformations may have occurred at somewhat shallower
burial depths (500 m and 1550 m) along the Santa Barbara coast. Based
on porosity-depth relationships in diatomaceous sequences (Hamilton,
1976; Murata and Larson, 1975), actual post-Luisian overburden at
the end of Delmontian time was probably about 1600 m at Point Conception
and 450 m at Naples. Assuming modest post-Delmontian sedimentation,
therefore, lateral differences in overburden thickness easily account
for lateral differences in silica mineral phases.

Thermal diagenesis of organic matter provides further evidence
of postdepositional differences. Monterey rocks along the Santa
Barbara coast apparently did not experience burial temperatures high
enough to generate abundant hydrocarbons, which form only above
100°C (Phillipi, 1965). Some immature hydrocarbon is present in the
western part of the area, but most organic matter consists of kerogen,
a solid mineraloid substance predominant at low temperatures.

Elemental analysis of the kerogen shows that atomic oxygen/carbon
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Based on data in Appendix C from lower strata of the
calcareous members.
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ratios decrease westward (fig. 26B) while atomic hydrogen/carbon
ratios, with a median value of 1.36, do not consistently change along
the Santa Barbara coast. This pattern is characteristic of changes
in organic matter which is derived from mixed continental and algal
sources and is subjected to increased temperature (Tissot and others,
1974). The pattern of elemental ratios therefore indicates westward

increase in maximum burial temperature.

On the basis of east-west differences in composition of organic
matter and overburden thickness, then, lateral diagenetic differences
can be attributed to increased temperature and depth of burial towards
the west. Since maximum overburden thickness cannot be measured at
every section, temperature and burial depth are assumed to have

increased progressively westward.

Lateral Relationships

Diagenetic Changes in Lithology

A major purpose of the study was to examine progressive lithologic
changes due to increased diagenesis. Because originally similar rocks
experienced increasing temperature and burial towards the west, sections
of Monterey rocks along the Santa Barbara coast could be viewed
laterally as a series of diagenetic time-frames. In this view,
the easternmost section represents the earliest stage of diagenesis
considered and each more westerly section delineates a subsequent
stage of diagenesis at each stratigraphic level.

Diagenetic changes in lithology and silica phase, summarized in

figure 27, are related in complex ways to stratigraphic and lateral
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position. In this part of the thesis, therefore, lithology is
described separately for each member, except for the upper calcareous
shale and transition members which are described together. Silica
phases and values of bulk density and porosity are also presented.

Siliceous member. Overall lateral changes in the lithology of

the siliceous member are striking. 1In the east, rocks are almost
entirely diatomaceous, with average porosity 60 percent or more.
In the central part of the area, the member consists of cherts,
porcelanites, and siliceous mudstones--all bearing abundant opal-CT
and averaging 35 percent porosity. In the extreme west, cherts,
porcelanites, and siliceous mudstones all bear diagenetic quartz and
average porosity is only 15 percent. 1In the following description, each
step of these changes is described from east to west (see fig. 27).
The easternmost section of the siliceous member, at Elwood
Beach, consists of 70 m of laminated diatomites interbedded with
massive diatomaceous mudstones. Nearly all rocks are diatomaceous,
with low bulk densities (0.7-0.85 g/cc) and high porosities (60-70
percent). The only exceptions are rare opal-CT chert nodules,
averaging 2 mm in thickness and 1 cm in length, which represent less
than 0.1 percent of the total section. Seven kilometers west of
Elwood Beach, at Naples Beach, most laminated rocks contain opal-CT
while detrital-rich siliceous shales and massive siliceous mudstones
remain friable, punky, and contain abundant diatom frustules. 1In
outcrop, the siliceous rocks at Naples have large variations in
hardness, toughness, and resistance to erosion, and the field aspect
of the section differs greatly from that at Elwood Beach, where rocks

have little variation in these properties. 1In detail, however,
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sedimentary features show equivalence of the two sections and rocks
at both sections are similarly interbedded in alternating groups of
silica~rich laminated rock and massive detrital~rich rock.

West of Naples, all of the siliceous rocks are harder, tougher,
and more resistant than the diatomaceous shales at Elwood and Naples.
From E1l Capitan Beach through Gato Canyon (42 km) the siliceous rocks
tend to occur in alternating groups (1-2 m thick) of massive detrital-
rich siliceous mudstones and laminated porcelanites, cherty porcelanites,
and cherts. Bulk densities range from 1.39 to 1.66 g/cc in most rocks
and as high as 1.83 g/cc in cherts. All siliceous rocks as far west
as Gato Canyon contain opal-CT as the principal silica mineral.

At Gato Canyon, however, some siliceous mudstones contain minor quartz
inferred to be diagenetic.

West of Gato Canyon--in Damsite, Wells, Wood, Quail, Black, and
several unnamed canyons north of Black Canyon--the siliceous rocks
have a slightly different field aspect. Toward the west, first
siliceous mudstones and then porcelanous rocks are denser, even though
still flaggy and having matte or grainy surface textures. These denser
rocks contain abundant diagenetic quartz and little to no opal-CT.

Where they first occur, in Damsite, Wells, and Wood Canyons,
quartz rocks are interbedded with opal-CT rocks containing little
diagenetic quartz. Near the base of the siliceous member at Damsite
Canyon, 3.5 km west of Gato Canyon, some siliceous shales and mudstones
are completely quartzose, with bulk densities of 1.90 to 2.00 g/cc
and porosities only 18 to 22 percent. Other siliceous rocks contain
at least a few percent diagenetic quartz, and bulk densities of rocks

with significant amounts range from 1.76 to 1.90 g/cc. In the middle
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part of the siliceous member at Wood Canyon, 2 km west of Damsite
Canyon, all siliceous shales and mudstones are apparently completely
quartzose, with bulk densities typical of quartz rocks (1.90-2.0
g/cc). Porcelanites and cherts at Wood Canyon, however, contain only
small amounts of diagenetic quartz, with bulk densities (1.54-1.72
g/cc) more typical of opal-CT rocks.

At the base of the siliceous member in Quail Canyon, 0.5 km west
of Wood Canyon, all rocks contain quartz except cherts and cherty
porcelanites. Near the top of the section in the same canyon, abundant
opal-CT occurs in cherts, porcelanites, and some siliceous mudstones
and shales. In Black Canyon, 1 km northwest of Quail Canyon, no rocks
containing opal-CT were found anywhere in the siliceous member and
quartz is the only silica mineral even in cherts. Bulk densities
range from 1.9 to 2.3 g/cc, with porosities from O to 20 percent.
Opal-CT is abundant, however, in the overlying Sisquoc Formation.

Upper calcareous shale and transition members. The lithology

of the upper calcareous shale and transition members varies con-
siderably along the Santa Barbara coast. 1In the east, diatomaceous rocks
are interbedded with opal-CT cherts; in the middle of the area are
shales, porcelanites, and cherts--all containing abundant opal-CT;

while in the east, cherts, porcelanites, and shales all contain
diagenetic quartz. Another variation is in carbonate minerals--for

while all rocks contain carbonate, only calcite is present in some
sections and disseminated dolomite is widely distributed in others.
Locally, unusual nodular or replacement quartz cherts are also present.
In the following description, the distribution of these features is

described from east to west (see fig. 27).



87

The easternmost section, at Elwood Beach, contains mainly
calcareous diatomites and diatomaceous shales, with low bulk densities
(0.8-1.1 g/cc) and high porosities (50-60 percent). 1In the upper
40 m of strata are rare stratiform chert nodules about 2 mm thick
and up to 4 cm long. In the lower strata (transition member),
calcareous diatomaceous shales are interlayered with numerous bedded
calcareous cherts, usually in groups about 1 m thick. Many of these
cherts are quite vitreous, dense (1.9-2.0 g/cc), and all contain
opal-CT as the main diagenetic silica mineral. At Naples, also,
most strata are diatomaceous while interbedded calcareous cherts
contain opal-CT as the principal silica mineral.

West of Naples, however, all of the calcareous rocks in these
members are relatively hard and none has the friable punkiness charac-

teristic of the diatomaceous rocks at Elwood and Naples. From El

Capitan Beach through San Augustine Canyon the members consist of
interbedded calcareous cherts, porcelanites, and shales in which nearly
all diagenetic silica is opal-CT. Bulk densities range from 1.37 to
1.80 g/cc (as high as 1.92 g/cc in cherts) and porosities range from
25 to 36 percent (as low as 15 percent in cherts). Scarce bedded
dolomites are present, usually near the top of the member, and at
Gaviota a few of the uppermost shales contain only dolomite as a
carbonate mineral.

West from Gato Canyon the upper calcareous shale member becomes
more prominently exposed and west from Cojo Canyon it is the most
resistant member. Detailed study of the member east and west of this
area shows that lithologies are similar and similarly interbedded--

except that to the west a large proportion of carbonate is dolomite
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and the member contains a few pure dolomitic rocks. Also, west from
Cojo Canyon there is a prominent (and extremely resistant) massive
quartz chert bed, 40 to 80 cm thick, near the top of the members.

At Gato Canyon, and immediately west at Cojo Canyon, no calcite
was found in the upper calcareous shale member or, where it is exposed,
in the transition member. Dolomite is present in every rock examined--
cherts, porcelanites, and shales. A few beds of pure dolomite are also
prominent due to their resistance but represent only 1 to 2 m of
section. Opal-CT is nonetheless the principal silica mineral in most
rocks at Gato Canyon, except in a few shales which contain only quartz.

At Damsite Canyon, and immediately west in Wells Canyon, most of
the rocks are also dolomitic. At least at Damsite, however, calcite
is common near the base of the upper calcareous shale member and in
the transition member below. Here quartz occurs as the only silica
mineral in some dolomitic shales, and most rocks contain a few percent
diagenetic quartz. At Wood Canyon, in contrast to exposures in adjacent
canyons to the east and west, nearly all the rocks in the upper shale
contain calcite as the predominant carbonate mineral. In addition,
there are occasional lensoid quartz cherts, usually bearing calcite
but occasionally dolomite. Only bedded cherts and cherty porcelanites
contain opal-CT. At Quail Canyon, the upper calcareous shale contains
carbonate only as dolomite, and several beds of pure dolomite are
present. All rocks contain abundant diagenetic quartz except for
cherts and cherty porcelanites which predominantly bear opal+CT.

A few lensoid and massive quartz cherts, however, are also present.

At Black Canyon, all rocks contain diagenetic quartz without opal-CT;
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dolomite predominates in the upper calcareous shale member, and
calcite predominates in the transition member.

Organic shale member. The organic shale member shows little

lateral variation in the field. Shales are everywhere relatively
punky and friable, especially where exposed to surface weathering,
and the member is everywhere the least resistant of the members (see
fig. 27). Siliceous interbeds occur widely but they are a minor
fraction of the section. As far as can be determined there is no
dolomite in any of the shales or more siliceous rocks in the member,
although a few pure dolomite beds are present.

At Naples, the most eastern exposure examined of the organic
shale, the member consists of 90 m of punky, dark, unresistant strata,
which are mainly diatomaceous. Bulk densities are low (0.9-1.1 g/cc)
and porosities high (50-60 percent). At El Capitan Beach, typical
shales are friable and punky but rocks chip when fractured and the
member is slightly more resistant than at Naples. Typical shales are
denser (1.2-1.4 g/cc) and less porous (39-44 percent) than at Naples.
These differences are due to formation of opal-CT--every sample examined
at El Capitan Beach contains opal-CT without diatom frustules.

At Gaviota, where the member is only moderately exposed, both opal-CT

and quartz are present.

Unusual quartz cherts, a striking feature in the organic shale
member, occur in three adjacent canyons (Agujas, Bulito, and San
Augustine Canyons) in the central part of the area west of Gaviota.
These quartz cherts occur either as massive beds, up to 0.5 m thick,
or as veined cores of highly siliceous opal-CT rocks. Although promi-

nent in the field because of their resistance to erosion and because they
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are quite black even when weathered, unusual quartz cherts represent

only a small proportion of the section and are unevenly distributed.

In San Augustine Canyon, where they are most abundant, unusual quartz
cherts total only 3 m and all beds lie between 25 and 40 m below the

top of the member.

In other respects the organic shale member at San Augustine
Canyon is typical--the shale itself is relatively soft and easily
weathered. Some analyzed samples contain opal-CT but a few contain
only quartz. All bulk densities seem to be greater (1.54-1.62 g/cc)
than at El1 Capitan and porosities are smaller (26-33 percent). West
of San Augustine Canyon the member is poorly exposed except at Wood
Canyon. A few shales analyzed from Damsite Canyon are quartzose.

At Wood Canyon all samples contain only quartz and all samples are
denser (1.75-1.97 g/cc) and less porous (22-27 percent) than at San
Augustine.

Lower calcareous shale member. Laterally, the lower part of

the lower calcareous shale member varies only slightly in the field
(fig. 24). Everywhere the rocks are variably resistant mudstones
which are in part dolomitic. Opal-CT is the principal diagenetic
silica mineral in the east, quartz in the west, while both phases are
present in the central part of the area. Lithologic variation is more
pronounced in the upper part of the member, which differs from the
lower part in containing more abundant shale and also in containing
mainly diatomaceous rocks in the Naples section. 1In other sections,
however, silica phases are similar in both the upper and lower parts

of the member (see fig. 27).
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The easternmost exposure examined, at Naples, consists largely
of calcareous mudstones with different proportions of opal-CT and
detrital minerals, producing more and less resistant beds. Many of
these mudstones contain a few percent dolomite and some are quite
dolomitic, especially near the base of the member. In the middle of
the lower calcareous shale at Naples is an intraformational breccia
described by Bramlette (1946). Rocks above the breccia are less massive
and more finely layered and calcareous diatomaceous shales predominate
in this part of the member.

West of Naples, the upper part of the lower calcareous shale is
more resistant than at Naples and rocks in the lower part are every-
where hard and tough. No diatom frustules were detected in any sample.
At E1 Capitan and Refugio Beaches all mudstones and shales contain
opal-CT as the only diagenetic silica mineral. Typical rocks have
bulk densities ranging from 1.38 to 1.64 g/cc, with porosities of
32 to 43 percent. Fourteen kilometers west at Gaviota, most rocks
contain a few percent diagenetic quartz and some mudstones and shales
contain diagenetic silica only as quartz. The latter rocks are
distinctly denser (1.74-1.95 g/cc) and less porous (23-31 percent)
than opal-CT rocks farther east.

West of Gaviota, the abundance of finely layered rock increases
somewhat, although the member still consists mainly of blocky calcareous
and partly dolomitic mudstones. At San Augustine Canyon all rocks
contain some opal-CT but some shales have formed small amounts of
diagenetic quartz.

West of San Augustine Canyon, the basal part of the lower calcareous

shale, where exposed, tends to be more dolomitic than it is further
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east, At Gato Canyon, some mudstones and shales contain diagenetic
silica only as quartz, all mudstones and shales contain at least some
diagenetic quartz, while porcelanites and cherts contain only opal-CT.
Farther west at Cojo Canyon, where the lower calcareous shale is
poorly exposed, a sandstone occurs near the base of the member.
Offshore, this horizon is also sandy (U.S. Geological Survey, 1974).

At Damsite Canyon, most of the basal shales and mudstones are
dolomitic while the upper rocks are calcareous. 0pal-CT dominates
in cherts and cherty porcelanites although some quartz has formed
in all rocks. Several irregularly veined, banded quartz cherts are
present in opal-CT chert beds. Calcareous opal-CT rocks persist to
Wells Canyon, immediately west of Damsite Canyon.

In Wood Canyon, however, no opal-CT is apparently present anywhere
in the lower calcareous shale member. As in the upper calcareous
shale at the same canyon, lensoid quartz cherts occur discontinuously
in certain layers. At Quail Canyon, only 20 m of strata in the lower
calcareous shale are exposed. Here the basal rocks are not dolomitic
but are dark calcareous shales with quartz as the only silica mineral.
There are, however, no unusual types of quartz chert.

Conclusions. Lateral relationships in the different members of
the Monterey Formation along the Santa Barbara coast indicate that
most diagenetic changes consistently occurred in a simple sequence
as temperature increased to the west. The sequence, which is marked
by formation of silica phases at different times in different types
of rock, can be outlined by the following stages:

1. diatomites + diatomaceous shales and diatomaceous mudstones

2. opal-CT cherts + diatomaceous shales and diatomaceous mudstones
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3. opal-CT cherts + opal-CT porcelanites + diatomaceous shales
and diatomaceous mudstones

4. opal-CT cherts + opal-CT porcelanites + opal-CT siliceous
shales and opal-CT siliceous mudstones

5. opal-CT cherts + opal-CT porcelanites + quartz siliceous
shales and quartz siliceous mudstones

6. o0pal-CT cherts + quartz porcelanites + quartz siliceous
shales and quartz siliceous mudstones

7. quartz cherts + quartz porcelanites + quartz siliceous
shales and quartz siliceous mudstones.

Differences in timing are important because they show that silica
phase changes took place independently in each layer of rock and did
not result simply from massive influxes of meteoric water.

Porosity changes also took place independently in each layer of
rock. Interbedded rocks with different silica phases generally have
distinctly different bulk densities and porosities, while values are
generally similar in rocks of the same type with the same silica phase
from different localities. These relationships show that most porosity
changes were closely associated with silica phase changes rather than
with specific conditions of temperature and burial depth. Exceptions
are organic shales, in which porosity values decrease gradually
westward, apparently irrespectively of silica phase changes.

Lateral relationships in the calcareous members indicate that
some diagenetic changes were not consistently produced by increased
temperature and burial depth. For this reason, dolomitization and
formation of unusual (banded, veined, massive, and lensoid) quartz

cherts are not included in the typical diagenetic stages outlined.
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Effects of Bulk Composition on Timing of Silica Phase Changes

In this part of the thesis, evidence is examined which relates
timing of silica phase changes to compositional variables. First,
effects due to detrital minerals will be considered in rocks of the
siliceous member. Results are then compared with timing in calcareous
and dolomitic rocks--particularly rocks in the upper calcareous shale
member which are close in stratigraphic position to rocks in the
siliceous member. Finally, effects of organic matter are examined,
by compParing timing of silica phase changes in rocks of the organic
shale member with timing in overlying and underlying rocks.

Detrital minerals. Sets of rocks sampled in the siliceous

member are similar in age, and each set was collected within less

than 35 stratigraphic meters. Any variation in silica phase within
sets, therefore, should be due only to differences in bulk composition--
mainly in relative abundances of silica and detrital minerals.

Timing of silica phase changes is closely related to detrital
content (fig. 28). Lateral distribution suggests that opal-CT formed
progressively later as detrital content increased and that the most
detrital-rich rocks retained diatom frustules the longest. Quartz,
by contrast, formed progressively earlier as detrital content increased.
Differences in timing of complete quartzification are not due simply
to the lesser abundance of opal-CT in detrital rocks. Greater actual
amounts of diagenetic quartz formed earlier in detrital-rich rocks
(fig. 29).

D-spacings of opal-CT are also affected by detrital content and
values at each locality vary with a range of about 0.02 Z, decreasing

with relative detrital content (fig. 30). Laterally, values in rocks
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of each composition generally decrease westward (with increasing
temperature and burial), in accord with lateral changes in silica

phases. 1In addition, quartz formed in rocks of each composition only
where opal-CT with a d-spacing of 4.07 R or less was subjected to greater
temperature and burial (fig. 31). Differences in timing of diagenetic
quartz formation therefore empirically relate to differences in opal-CT

"ordering."

Carbonate minerals. Rocks of the siliceous and upper calcareous

shale members are similar in age, and most sample sets in the two
members are separated by less than 60 stratigraphic meters. Rocks
from these two members in the same section, then, experienced similar
(although not identical) temperature and burial depth. Comparison

of silica phases in the two members should therefore indicate any
major effect due to the presence of carbonate.

In general, results show that carbonate had little effect on
silica diagenesis, as indicated by comparison of lithologies in the
siliceous member and in the upper calcareous shale member (fig. 27).
Overall comparisons of analytical data include, in some sections,
samples from the somewhat older and more deeply buried transition
member. Taking this into account, analytical data show that timing
of silica phase changes did not significantly differ in carbonate-
bearing rocks and in carbonate-free rocks with equal relative detrital
contents (fig. 32). 1In addition, the pattern of opal-CT d-spacings
is similar in both groups of rocks (fig. 33, cf. fig. 31).

Because calcite is widely thought to affect silica diagenesis
(e.g., Lancelot, 1973; Robertson, 1977), detailed evidence on timing

is presented relative to the presence and also to the amount of
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carbonate. Two sets of data are considered: comparisons between
rocks in the upper calcareous shale and siliceous members; and
relationships among compositional variables of rocks in the lower
calcareous shale member. Data are described for each silica phase
change, in order of its occurrence with increasing temperature and
burial depth.

Early quartz formation. Although carbonate generally had

no effect on the nature and timing of silica phase changes, one
exception is apparent early in diagenesis. Quartz contents of carbonate-
free siliceous rocks with '"disordered" opal-CT are more or less
proportional to A1203 content. Compared to this proportion of quartz,
which is considered to be entirely detrital, some calcareous rocks

in which the main silica phase is "disordered" opal-CT contain excess
quartz inferred to be diagenetic (fig. 34). This "early" diagenetic
quartz is restricted to rocks with relatively high silica and low
detrital contents (diagenetic silica/detrital minerals > 8) and

is unrelated to the abundance of calcite. Early diagenetic quartz

is petrographically apparent mainly as fillings of foraminiferal
tests, in a few cases as microlenses.

The exact time of formation of this quartz, relative to opal-CT
formation, cannot be determined from available evidence, since
diatomaceous equivalents of these rocks are not present. Early
quartz did form prior to widespread formation of opal-CT, however,
as quartz occurs in calcareous opal-CT cherts from both the Elwood
and Naples sections, where most rocks are diatomaceous.

Timing of opal-CT formation. Most silica dissolved from

diatom frustules formed opal-CT, and timing of opal-CT formation
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does not appear to have been greatly affected by the presence of
calcite. As a general result, this conclusion is based on field
relationships, by comparison of lithologies in the three eastern
sections (fig. 27). At Elwood Beach, the easternmost section,
nearly all rocks are diatomaceous in both the siliceous member and
the upper calcareous shale member, while bedded opal-CT rocks are
not present stratigraphically above the transition member. Seven
kilometers west, in the Naples section, both the siliceous and upper
calcareous shale members contain bedded opal-CT rocks, as well as
detrital-rich shales and mudstones which are diatomaceous. Farther
west, at El Capitan Beach, all rocks in the two members contain
opal-CT. Opal-CT therefore formed at approximately the same time in
rocks with similar relative detrital contents, irrespective of the
presence of calcite.

In general, analytical data from the Elwood and Naples sections
support this conclusion. 1In the transition member at the Elwood
section, for example, opal-CT is present in bedded cherts, and
comparison of bulk compositions with silica phases suggests that opal-CT
formed where relative detrital contents were less than about 20 percent
rather than where calcite was abundant (fig. 35A). Calcite therefore
did not generally promote formation of extensive opal-CT. Some
evidence suggests, however, that calcite may have slightly retarded
formation of opal-CT. 1In the siliceous member at Naples, only those
rocks with 40 percent or more detrital minerals still retain diatom
frustules and more detrital-rich rocks usually contain some opal-CT;
in contrast, calcite-bearing rocks with 40 percent or higher relative

detrital contents contain abundant diatom frustules (and no opal-CT)
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Fig. 35--(A) Correlation between timing of opal-CT formation and
relative detrital content in closely associated calcareous
rocks, transition member, Elwood Beach. (Components in
weight percent, organic-free basis.) (B) Comparison of
timing of opal-CT formation in associated calcareous and
carbonate-free rocks, Naples Beach. Along bar at left,
rocks from the siliceous member; in triangular diagram,
post-Relizian calcareous rocks underlying the siliceous
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member. (Components in weight percent, organic-free basis.)
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as much as 180 m stratigraphically below the siliceous member (fig. 35B).
Since the calcareous diatomaceous rocks at Naples are older (as old
as early Luisian) as well as more deeply buried than rocks in the
siliceous member, calcite appears to have slightly retarded opal-CT
formation. The effect is not large, however, and data are too sparse
for a firm conclusion.

Values of opal-CT d-spacings. D-spacings of opal-CT
were apparently not affected by either calcite or dolomite. At El
Capitan Beach, for example, opal-CT rocks from the upper calcareous
shale member, 40 m below the siliceous rocks analyzed, all contain
calcite. When rocks of equal relative detrital content are compared,
however, d-spacings of opal-CT in the calcareous rocks are similar
to those in the noncalcareous rocks of the siliceous member (fig. 36).
In addition, at Gaviota, several samples analyzed from the upper
calcareous shale member, within 40 m of the siliceous rocks analyzed,
contain dolomite. Comparison between component compositions and
opal~-CT d-spacings indicates that neither the presence nor amount
of either carbonate mineral affected the d-spacing (fig. 37).

Timing of quartz formation. Timing of quartz formation,

except in special cases early in diagenesis, was not generally affected
by calcite or dolomite. In Damsite Canyon, for example, both the

upper calcareous shale member and the lower part of the siliceous
member consist of interbedded rocks with different silica phases,

from predominantly opal-CT to predominantly diagenetic quartz.
Carbonate-bearing rocks contain somewhat more diagenetic quartz than
carbonate-free rocks of similar relative detrital content (fig. 384),

but the sample sets were located 70 stratigraphic meters apart. Two
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sample sets entirely within the siliceous member at Quail Canyon

that are separated by 95 stratigraphic meters show comparable differences
in proportions of diagehetic silica found as quartz (fig. 38B). Car-
bonate therefore apparently had little effect on the timing of quartz
formation.

This conclusion is supported by analytical data from the lower
calcareous shale member, in which abundant quartz formed earliest in
rocks with high relative detrital contents, whether bearing calcite
or dolomite. At Gaviota dolomite, calcite, opal-CT, and quartz all
occur in typical mudstones, but the quartz rocks all have greater
relative detrital contents than the opal-CT rocks (fig. 39).
Surprisingly, the effect of detrital content persists even in rocks
which are highly calcareous. In the lower calcareous shale at Gato
Canyon some rocks contain so much calcite that insoluble residues must
be prepared to identify opal-CT, which has a high threshold of
detectability by X-ray diffraction. 1In such rocks small analytical
errors in chemical analysis also decrease the precision of estimates
of relative detrital contents. Nonetheless quartz is the only
silica mineral in rocks with high relative detrital contents and
opal-CT persists in rocks, with as much as 85 percent calcite, having
low relative detrital contents (fig. 40).

Organic matter. Since organic matter contents broadly correlate

with detrital mineral contents, the effects of these two variables
are, in general, difficult to separate. 1In the organic shale member,
however, organic matter contents are generally two to three times

as great as values in rocks of comparable organic-free component

compositions in the other calcareous members. Evidence on the effect



111

(*sTseq @013-otuedio ‘juadiad 3y8T1em ur sijusuodwod)

*93TWOTOp UT STEBIDUTW S93BUO]IBD JO Juadiad ayjz sa3edTpur a7dwes yoea 03 IXau 2iIn31Jg

9yl ‘uoAue) BIOIABYH ‘I9quLuUl STBYS SNOIIBOTEBD I9MOT *s}O01 3uTir9g-931BUOQIBD PIJIBII0SSE
AT9SOT® UT 3JU33UOD TEJITII2P SATIB[21 puk uorjewioy zlaenb Jo Burwrl ussmiaq uorjeTa1I10)--6¢ *3TJ

S|DJBUIN
9{DUu0qID) o\oo_n D} 148 Q

/ °\° O‘
/o\oo_ ® 400
AIINTMH“"v.Q N_‘-v
(-]

LENTTES



112

ollijody + S|DJISUIN
® }oU0qJD) % wm iod1dieq

€ ® Kjuo ”/

zjiond

/ jueseud ’

/5._25

\

% 0% % 0%

("s1seq 9913j-ot1ueldao
fjuaoiad 3y8Tem url sjuau
—odwo)) -uokue) ojes ‘isquau
9TBYS SNO2IBITED I3aIMOT ‘sS3iual
—-uod BOTTIS (%GC>) MOT UYITM syd01
SNO9IBOTEO PIlBIOOSSE AT9SO[D UT
Jua3uod TBITIISP SATIE[DI
pue uorjeuwioy zijaenb Jo

Sutwil useomlaq uorIe[aai10d--0f °*3T4J

zyiond O
19-10d0 @

DoINS



113

of organic matter is therefore drawn from comparison of rocks in the
organic shale member with rocks in the overlying and underlying
members.

Silica phases in the organic shale member are related to relative
detrital contents, as in other members (fig. 41). In addition, the
distribution of silica phases suggests that diagenesis in each section
of the organic shale member was intermediate between that in the over-
lying upper calcareous shale and transition members and that in the
underlying lower calcareous shale member. Because of age differences
between these members, this relationship does not rule out small
effects of organic matter, but large effects are unlikely.

Opal-CT d-spacings are unreliable in most organic shales because
of high relative detrital contents (Appendix D). At E1 Capitan,
however, opal-CT d-spacings of two rocks with moderate relative
detrital contents were measured and compared with values in calcareous
rocks with one-third as much organic matter. Values are quite similar
(fig. 42), suggesting that organic matter had little effect on opal-CT

d-spacings.

Lateral Irregularities

Although silica phases generally progress westward from amorphous
opal to opal-CT to quartz, an exception to this pattern is observed
in the lower calcareous shale at Gaviota and San Augustine Canyons
(fig. 43). An exception is also observed to the westward decrease
of opal-CT d-spacings in rocks from the siliceous member at Coyote
Canyon, where d-spacings are higher than farther east (at Gaviota)

or farther west (at San Augustine Canyon) (fig. 44).
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These exceptions conflict either with the pattern determined
for changes in silica phases as temperature and burial depth increase<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>