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INTRODUCTION eries in the Monterey Formation following the first sale of Fed-
eral Outer Continental Shelf leases in the Santa Barbara Chan-
For more than a century the Miocene Monterey Formatioel in 1966. A tremendous amount of this work was published
has fascinated geologists with its uniquely siliceous compoisi-a series of American Association of Petroleum Geologists
tion, complex diagenesis, and importance as both source 88PG) and Society of Economic Paleontologists and Mineral-
reservoir of oil in California. The Monterey’s extensive andgists (SEPM; now the Society for Sedimentary Geology) spe-
excellent outcrops, exposed at different stages of alteratioial publications and symposium volumes in the 1980s and
have served as laboratories for countless studies of silica, c1890s (Isaacs, 1981a; Garrison and Douglas, 1981; Williams
carbonate, phosphate, organic matter, and petroleum. Bramd Graham, 1982; Isaacs and Garrison, 1983; Garrison et al.,
lette’s U.S. Geological Survey Professional Paper 212 (1948)84; Surdam, 1984; Casey and Barron, 1986; Dunham and
served as the foundation for all of these studies and providddke, 1987; Schwalbach and Bohacs, 1992; Hornafius, 1994a;
the detailed sedimentology, stratigraphy, and petrology to giehhubl, 1998) that coincided with the upturn in industry inter-
them context and meaning. For the most part, Bramlette hadst in the petroleum potential of the offshore Monterey (Isaacs,
right, and an explosion of new research since the 197X884; Crain et al., 1985). An additional major volume focusing
advanced and refined understanding without disproving mamythe organic geochemistry of the Monterey Formation (Isaacs
of Bramlette’s fundamental observations and assertions. Gamel Ruellkotter, 1999) should be published by the time this
hypothesis that did eventually fall was that abundant siliceaesiew is published.
volcanism was the essential source of the silica incorporated in
the frustules of diatoms and in the sediment of the Montel®EOLOGIC SETTING
Formation; we have since learned that within zones of intense
upwelling, diatoms or radiolarians can extract enough silica The Miocene Monterey Formation was deposited along the
from normal seawater to produce highly siliceous sedimemsrth American plate boundary during the transition of the Cal-
when undiluted by other sedimentary components (Calvafornia margin from a convergent to transform setting (Blake et
1966, 1968). al., 1978; Barron, 1986a). Resulting tectonic subsidence and
Research since Bramlette’s has broadly focused on diagendward transgression of the shoreline during the late Oligo-
esis (especially that of silica, carbonate, and organic mattegne to middle Miocene led to the development of middle
petroleum generation and reservoirs, dating and stratigrapbéthyal depocenters in which the Monterey sediments accumu-
correlation, and the oceanographic context of deposition of theed (Figs. 1 and 2) (Ingle, 1980, 1981a). Presedimentary and
Monterey Formation. Much of this work benefited from tectsynsedimentary tectonic deformation (chiefly extension, shear-
nological advances in X-ray diffraction, stable isotopic analyrg, and rotation) during the Miocene has been overprinted by
sis, electron microscopy, and the results of the Deep S¥acene-Pleistocene shortening, making palinspastic recon-
Drilling Project (DSDP) and Ocean Drilling Program (ODP). Atruction of the location and extent of the Neogene sedimentary
burst of research, initially proprietary, began about 1970 as ledsins extremely challenging (Ingersoll and Ernst, 1987;
companies sought to explain and exploit major offshore disc@rouch and Suppe, 1993; Fritsche, 1998; Isaacs, 1999). In
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Figure 1. Present location of Neogene depocenters or sedimentary basins (after Biddle, 1991; Dunkel
and Piper, 1997).
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many cases, the geometry and bathymetry of individudGE OF THE MONTEREY FORMATION

depocenters evolved from the Miocene through the Pleistocene,

with earlier deposited sediments, including the Monterey For- Like most lithostratigraphic units, the age of the middle to late

mation, now forming the folded and faulted flanks of th®liocene Monterey Formation varies with location, as sedimenta-
Pliocene and Quaternary depocenters (Teng and Gorsliign characteristic of the formation commenced and terminated at

1989; Blake, 1991). different times in separate depocenters. If a typical duration could be
specified, it would be from about 16 Ma to 6 Ma (Barron, 1986b).
GEOGRAPHIC EXTENT Initiation of Monterey deposition started as early as 17.8 Ma

(Saucesian stage, Naples Beach) (DePaolo and Finger, 1991) or as

The Monterey Formation is part of a discontinuous belt late as 15 Ma (e.g., Relizian, Palos Verdes Hills, Berkeley Hills,
fine-grained, notably siliceous (diatomaceous) sediments thManterey; Obradovich and Naeser, 1981). The youngest Monterey
accumulated around the north Pacific Rim chiefly during tistrata at any one location range from about 13 Ma (Luisian, Berke-
Miocene (ca. 16—4 Ma) (Ingle, 1973, 1980, 1981b). On landy Hills) to <5 Ma (Delmontian, Pliocene, Palos Verdes Hills;
well-studied Monterey strata form extensive outcrops and sWigeodring et al., 1946; Obradovich and Naeser, 1981). In the
crops in the Coast Ranges and western parts of California (Br&@uyama basin, the Saltos Shale and Whiterock Bluff Shale, often
lette, 1946; Pisciotto and Garrison, 1981), extending as assigned as members of the Monterey Formation (Hill et al., 1958),
irregular blanket some 1700 km north and south along the contére apparently deposited entirely before initiation of Monterey
nental margin. Offshore equivalents of Monterey siliceous sesiedimentation in the type area (Obradovich and Naeser, 1981).
ments have been cored by deep-sea drilling as far as 300 km
seaward from the modern coast and in water as deep as 42@lastratigraphy
(ODP Sites 1010, 1016, 1021) (Lyle et al., 1997). The formation
is typically 300-500 m thick on land, but is locally much thinner  Microfossils provide the primary basis for biostratigraphy
and thicker (Bramlette, 1946; Isaacs and Petersen, 1987).  within the fine-grained Monterey Formation, with benthic
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Figure 2. Generalized upper Tertiary sedimentary facies of the California Coast Ranges, showing the
position and facies of the Monterey Formation (Pisciotto and Garrison, 1981).

foraminifers remaining the most commonly used taxa for corrE987). Although the highly diatomaceous and organic-rich
lation. Because of downsection silica phase transformations degosit has been interpreted to record unusually great plank-
upsection loss or dissolution of carbonate, none of the major limnic productivity along the eastern Pacific margin (Barron,
stratigraphic groups are generally useful through the entire f©886a; Ingle, 1980, 1981b; Pisciotto and Garrison, 1981), mass
mation. accumulation rates show that the purest biogenic intervals

Monterey strata span the late Saucesian, Luisian, Mohniggflect decreased terrigenous input, and consequently less dilu-
and locally, the early Delmontian benthic foraminiferal stagésn of the biogenic component (Isaacs, 1985, 1999). Overall,
of California (Kleinpell, 1938, 1980). Since development dhe Monterey Formation records sediment starvation in con-
these Neogene stages, however, it has become evident thatjoeiction with surface productivity associated with upwelling
thic assemblages were influenced by local paleobathymetlgng the California Current system. These sedimentary condi-
character of the impinging water mass, and benthic sedimentilns increased the relative proportions of silica, organic matter,
ogy, making them time transgressive and often provincial pmosphate, or carbonate with respect to fine-grained detritus—
nature (Crouch and Bukry, 1979; Ingle, 1980; Obradovich anthinly illite-smectite mixed-layer clay minerals, feldspars, and
Naeser, 1981). Although still quite useful within individuatuartz (Isaacs, 1980; Pollastro, 1990; Compton, 1991). Periods
fields or basins because of their abundance (Finger, 1966pxtremely slow pelagic sedimentation, undiluted by much
Blake, 1991), benthic foraminifers had to be integrated wifime-grained detritus and during which most of the primary bio-
planktonic foraminifers (Keller and Barron, 1981), diatomgenic hard components (SiOr CaCQ) dissolved or win-
(Barron, 1986b; Barron and Isaacs, 1999), nannofossils (Pooosved away, resulted in the extreme organic richness
et al., 1981), magnetostratigraphy (Omarzai, 1992), radiomeharacteristic of some condensed intervals (e.g., the carbona-
ric geochronology (Obradovich and Naeser, 1981), awrdous marl—phosphatic shale facies of the Santa Barbara coastal
chemostratigraphy (DePaolo and Finger, 1991; Flower aaika) (Isaacs, 1985).

Kennett, 1993, 1994). Bramlette (1946) described the typical Monterey litholo-
gies—diatomite, diatomaceous and siliceous mudrocks, porce-
LITHOLOGY AND COMPOSITION lanite, chert, calcareous and phosphatic mudrocks, dolostone,

and limestone—in remarkable completeness and detail. He also
The Monterey Formation is distinguished by its overalecognized the significance of graded, clastic to biogenic
highly biogenic composition, in which the average contribtrhythmites” before the importance of fine-grained turbidites in
tions of silica (chiefly the tests and frustules of diatoms adéep water was generally understood or accepted. Where clastic
radiolarians), carbonate (coccoliths and foraminifers), orgarsittstone and sandstone are common, they are usually assigned
matter (mostly type Il kerogen, marine algae) and their diage-another formation or to a distinct member of the Monterey
netic equivalents greatly exceed those of other Neogene fi(eag., Point Sal Formation, Santa Maria basin, or the Stevens
grained sedimentary units (Isaacs, 1985; Isaacs and PeterSands, southern San Joaquin basin) (Williams and Graham,
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Isaacs, 1999), which shallowed upward in most sequences.
Biogenic or Diagenetic Silica Preservation of organic matter, abundance of fine varve-like
laminations, and presence of dysaerobic benthic foraminifers
indicate that the Monterey was commonly deposited in or
associated with an oxygen-deficient environment. Conse-
qguently, likely depositional environments for the Monterey
include basin plains, slopes, banktops, and shelf edges where
they intersect or are influenced by the mid-water oxygen min-
imum zone (Calvert, 1966; Garrison et al., 1979; Lagoe,
1981; Pisciotto and Garrison, 1981). Possible modern ana-
logues for these settings occur beneath upwelling zones asso-
ciated with the Southern California Borderland, the Gulf of
California, and the Peru and Pakistan margins (Calvert, 1966,
1968; Donegan and Schrader, 1981; Soutar et al., 1981).
Although the silled basins of the California Continental Bor-
derland have been most frequently cited as present-day exam-
ples, there is little direct evidence for the existence of such
steep-sided, silled basins during deposition of the Monterey
Detrital Minerals 50% Carbonates  (1saacs, 1999).

Thin, millimeter-scale laminations are only intermittently

resent in the Monterey Formation. They are rare in the pre-
Figure 3. Diagram showing the wide range of sedimentary composm Y y P

in the Monterey Formation of the Santa Maria and Santa Barbara b (ﬁﬁ@lnamly massive and thin- to thick-bedded lower portion of
(Isaacs, 1985). he Monterey, and become increasing prevalent upsection

(Mohnlan stage), while remaining rhythmically or irregularly

interbedded with massive (bioturbated or redeposited) strata
1982). Conglomerates are even more rare (Garrison gRésciotto and Garrison, 1981; Govean and Garrison, 1981,
Ramirez, 1989). At scales from less than 1 mm to hundreddsdacs, 1985; Ozalas et al., 1994). Such alternation suggests
meters, the lithologies of the Monterey are characterized cyntinuously fluctuating levels of paleo-oxygenation during
great compositional variability, making any individual samdeposition (Behl and Kennett, 1996). The overall upward
ple usually unrepresentative of its own stratigraphic intervakrease in lamination indicates either that bottom water was
(Fig. 3) (Isaacs, 1985). Compositional variation is expresspibgressively (if inconsistently) depleted of oxygen through
by rhythmic alternation of clastic-biogenic, massive-lamtime or that the Monterey Formation depositional environment
nated, or diagenetically distinct lithologic cycles (Pisciottshoaled into the heart of the mid-water oxygen minimum zone
and Garrison, 1981; Govean and Garrison, 1981; Isaawasth progradation of the Miocene California margin (Isaacs et
1985). Even with such lithologic variation, large-scale tren@ds., 1996).
in average composition, both vertically and laterally, are rel-
atively consistent within individual regions, giving rise to ®AGENESIS
number of local stratigraphic subdivisions into informal
members (e.g., Canfield, 1939; Woodring et al., 1943; Foss The highly reactive biogenous components of the Mon-
and Blaisdell, 1968; Isaacs, 1981b, 1983; Pisciotto and Gategrey Formation (i.e., opaline silica, calcite, phosphate, and
son, 1981; MacKinnon, 1989a). Although there is a broasganic matter) have undergone a complex paragenetic
similarity to some of the compositional trends—for exampleequence of alteration with time, burial, and tectonic defor-
the widespread occurrence of middle Luisian to Relizian catation. Although it is simpler to examine mineralogic and
careous mudstones and late Luisian to early Delmontielmemical systems in isolation, every stage of dissolution, pre-
diatomaceous sediments—member-scale facies are clearpjtation, or alteration influenced simultaneous and subse-
time transgressive when compared between regions (Bladteent reactions by altering pore-water chemistry, water-rock
1981; White, 1989; Hornafius, 1991, 1994b; Schwalbach aratios, and permeability (Kastner et al., 1984; Eichhubl and

Bohacs, 1995). Behl, 1998). Diagenetic modification by chemical migration
can enhance or suppress the physical and compositional con-
DEPOSITIONAL ENVIRONMENTS trasts that already existed in the originally heterogeneous

Monterey sediments, making it a wonderfully complicated

The Monterey Formation was chiefly deposited in lowemit to work with (Pisciotto and Garrison, 1981; Govean and

middle bathyal (1500-2300 m) to upper middle bathy@&arrison, 1981; Grivetti, 1982; Murray and Jones, 1992;
(500-1500 m) environments (Fig. 2) (Ingle, 1973, 198@ehl, 1992).
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(Kastner etal., 1977; Isaacs, 1981c, 1982; Williams et al.,
1985). The purest siliceous sediments undergo diagenesis
even earlier than predicted (Bohrmann et al., 1994), with
hard, brittle opal-CT and quartz cherts forming at tempera-
tures as low as 2-33 °C and 36-76 °C, respectively (Fig. 5)
(Behl, 1992; Behl and Garrison, 1994). On a larger scale,
boundaries between silica phase zones are locally discordant
to stratigraphy, reflecting lateral variation in sediment accu-
mulation and burial depth, geothermal gradient, or tectonic
deformation (Figs. 6 and 7) (Bramlette, 1946; Murata and
Larson, 1975; Pisciotto, 1981a). Within each diagenetic
zone, silica becomes increasingly well ordered with depth,
temperature, or time, even though there may not be any lith-
ologic change. Opal-A becomes less soluble as higher sur-

) . ) . face area diatoms dissolve and smaller submicroscopic
Figure 4. Scanning electron micrograph of nascent opal-CT lepispheres

growing within a partially dissolved opal-A test of a diatom. Field ineralogic doma_lins give way to_ larger ones (Williams et
view = 15 pm. al., 1985). Ordering of opal-CT is revealed by decreased

spacing of the g, lattice planes (Murata and Nakata, 1974;

Murata and Larson, 1975; Cady et al., 1996) and increased
Silica crystallite size with growth (Grivetti, 1982; Williams et al.,

1985; Behl and Meike, 1990). Progressive growth of crystal-

Although Bramlette (1946) clearly documented the altelite domains in diagenetic quartz is shown by the height and

ation of soft diatomaceous sediments to hard porcelanite ahérpness of X-ray diffraction peaks in the quartz crys-
chert, we now know considerably more about the nature, coalinity index (Murata and Norman, 1976).
trols, and distribution of silica diagenesis. The sequence of Complete dissolution and reprecipitation at the two sil-
mineralogic alteration involves two steps of complete dissolica phase transitions produce dramatic changes in the physi-
tion and reprecipitation. The first is from biogenic opal-&al properties of the sediment as the rigid, but porous
(hydrous silica that is crystallographically amorphous to Xramework collapses, or as internal pore spaces are filled with
ray diffraction) to diagenetic opal-CT (hydrous silica com-
posed of interlayered cristobalite and tridymite) (Fig. 4). The
second is from opal-CT to diagenetic quartz (generally cry
tocrystalline, microcrystalline, or chalcedonic quartz). Tran

s
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1 1

formation is controlled by temperature and burial dep " L °
(Murata and Nakata, 1974; Murata and Larson, 1975; Isag 20°1 CT - 20°
1981c; Pisciotto, 1981a), bulk composition (Isaacs, 198 Opal - A o
Behl and Garrison, 1994), and rock properties, such as pof 30°1 R
ity and permeability (Behl, 1998; Eichhubl and Behl, 1998, O

Within sediments of common compositions for the Monterg o 7 B ke
Formation (i.e., diatomaceous or siliceous mudstones & % 500 500
porcelanites), silica phase conversion takes place within t 5

relatively narrow temperature ranges and burial dept g o Quartz
(~40-50 °C and ~0.5-2 km for opal-A to opal-CT and ~65— A :

°C and ~1.5-3 km for opal-CT to quartz; Fig. 5) (Pisciott
1981a; Keller and Isaacs, 1985). Within an individual stra
graphic sequence, however, the silica phase transformat
may not be abrupt, but can occur across a broad transit
zone, to 300 m thick, of interbedded lithologies containir]
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different silica phases (Fig. 6) (Isaacs, 1982). 30 40 50 60 70 80 90 100
The stratigraphic co-occurrence of silica phases wi Relative biogenic +diagenetic silica in wt %
different thermal stabilities and solubilities is explained b Siliceous ]
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phase transformations, in which the opal-A to opal-CT trapjgure 5. Diagram showing the relative timing and temperatures of silica
sition is retarded and the opal-CT to quartz transition phase changes (Keller and Isaacs, 1985), modified to include data on the

accelerated in more detrital- or clay-mineral-rich sedimerpurest diatomites and cherts (Behl, 1992; Behl and Garrison, 1994).



306 R. J. Behl

S e 10 km [] Opa-A
L . \\,y‘ Opal-CT I
Point Conception S Quartz
" Santa Barbara ™. \ -
S

Sisquoc
Formation

Monterey
Formation
{members}

Clayey-siliceous

Upper calcareous-siliceous

Transitional mari-siliceous

Carbonaceous mar!

= Lower calcareous

West ~55 km - East

Figure 6. Schematic view of Santa Barbara coastal area, showing silica phase zones cutting across litho-
stratigraphic boundaries, the interbedded nature of the transition zones, and typical compaction with
increased physical and chemical diagenesis (modified from Isaacs, 1981).

silica cement (Fig. 4). These abrupt changes in bulk densifyorganic matter, probably via a number of physical, chemical,
can be imaged locally by seismic methods as extensive cr@s® biological mechanisms (Garrison et al., 1990; Follmi et al.,
cutting reflectors in the subsurface (Fig. 7) (Mayerson ai@91). Most carbonate fluorapatite precipitation occurs within
Crouch, 1994) and are associated with the expulsion, migaafew tens of centimeters of the sediment surface and during
tion, and trapping of hydrocarbons as well as the potential &ow sedimentation or depositional hiatuses (Garrison et al.,
forming fractured petroleum reservoirs (McGuire et al, 1983994). The most prominent phosphatic facies in the bathyal

MacKinnon, 1989b; Mayerson et al., 1995). Monterey Formation are laminated, organic-rich phosphatic
marlstones that developed as the condensed residue of slowly
Carbonate deposited, calcareous-siliceous muds and oozes (Garrison et

al., 1987) during sediment starvation (Isaacs, 1985, 1999). In
Carbonate diagenesis in the Monterey Formation has béeis facies, carbonate fluorapatite occurs as small nodules,
studied by a wide variety of geochemical, isotopic, and sedimermnses, laminations, and peloids that formed in place with little
logical means to determine its paragenesis with organic matterando subsequent reworking. Shelfal and banktop phosphoritic
silica (Murata et al., 1967, 1972; Friedman and Murata, 1979; Riands occur interbedded with hemipelagic sediments, and con-
ciotto, 1981b; Garrison et al., 1984; Burns and Baker, 1987; Msist mostly of phosphatic peloids (Garrison et al., 1987, 1994).
one et al., 1996; Eichhubl and Boles, 1998). Although primaBonglomerates and hardgrounds composed of dense, dark
carbonate components are mainly calcitic coccoliths apbosphatic pebbles, nodules, and concretions are less common
foraminifers, the dominant secondary carbonate phase in the Manthe Monterey Formation, but record repeated episodes of
terey is calcium-rich dolomite, whether occurring as finely dissephosphatization, exhumation, winnowing, and reworking by
inated rhombs, cross-cutting veins, or as tightly cementedrrents, slumping, and sea-level change (Folimi et al., 1991;
concretions and beds (Pisciotto, 1981b). Dolomite forms in ano@arrison et al., 1994).
or dysoxic conditions related to the diagenesis of organic matter,
within or below the zone of sulfate reduction (Pisciotto arBiOURCE OF PETROLEUM
Mahoney, 1981). Low sedimentation rates during early burial dia-
genesis tend to increase the concentration of dolomite by providing The Miocene Monterey Formation is widely considered to
better conditions for continued precipitation in the zone of sulfdde the primary source rock for hydrocarbons in California
reduction (Pisciotto and Mahoney, 1981; Burns and Baker, 198¥)oodring and Bramlette, 1950; Crawford, 1971; Taylor, 1976;
Lillis and Lagoe, 1983; Isaacs and Petersen, 1987). Total
Phosphate organic carbon (TOC) in the Monterey can be as high as 23%
(34% organic matter by weight), but averages between 2% and
Diagenetic sedimentary phosphate (cryptocrystalline c&8o, with large sample to sample variation, depending on lithol-
bonate fluorapatite) forms chiefly with the shallow degradatimgy and depositional setting (Isaacs and Petersen, 1987).
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Figure 7. Seismic-reflection profile showing the near-horizontal opal-A to opal-CT and opal-CT to
quartz silica phase transitions that cut across stratigraphy. After Crouch, Bachman, and associates, 1991.

Organic matter is overwhelmingly amorphous marine algsgnts difficulties in assessing the true maturity of source rocks
debris, but locally includes significant portions of terrestrial orin the Monterey Formation as well as the relative contributions
gin (Isaacs and Magoon, 1984; Graham and Williams, 1986j.0il from adjacent or distant (deeper) sources within the for-
Biomarkers in both Monterey oil and rocks also indicate thaiation (Dunham et al., 1991).
the organic matter is largely marine (King and Claypool, 1983; Although much of the Monterey Formation has suffi-
Curiale et al., 1985). Kerogens in the highly biogenic Monterejently high TOC and H/C ratios to be classified as good oil-
sediments are mostly sulfur-rich, oil-prone type II-S (Surdapmone source rock, a proportionally large amount of the oil may
and Stanley, 1981; Kruge, 1983; Orr, 1986; Isaacs, 1988; Rumlme from organic-rich carbonaceous marl (phosphatic shale)
Ikétter and Isaacs, 1996). strata (Orr, 1984; Dunham et al., 1991; Isaacs and Ruellkotter,
Much of the oil sourced in the Monterey was generatedi899) at whatever stratigraphic level and location it is best
rocks considered to be immature or marginally mature by caleveloped.
ventional methods of assessment, for example, vitrinite
reflectance (R <0.4), thermal alteration index (TAl <2.3),PETROLEUM RESERVOIRS
Rock-eval pyrolysisT,,, variable and problematic), sapropel
fluorescence, hydrogen/carbon ratios, and silica diagenetic The Monterey Formation is unusual in that it is both source
grade (Taylor, 1976; McCulloh, 1979; Kablanow and Surdarand reservoir of oil (Crawford, 1971; Isaacs and Petersen,
1984; Global Geochemistry Corporation, 1985; Petersen &lfiB7). Typically, fine-grained organic-rich rocks lack the effec-
Hickey, 1987; Ruellkétter and Isaacs, 1996), although sometiok porosity and permeability to provide commercial petroleum
these indicators may not be reliable indicators of maturity i@eservoirs. Consequently, petroleum reservoirs generally consist
Monterey-type rocks (Walker et al., 1983). Initiation of catagef either adjacent or interfingered sandstone beds, members, or
nesis as early as 60—-80 °C is likely related to the high sulfarmations, or they consist of naturally fractured, brittle diage-
content (up to 9% by weight) of the kerogen and the weaknassic siliceous and dolomitic rocks. Oil is also locally produced
of its carbon-sulfur bonds (Hunt, 1979; Orr, 1984, 1986; Isaatem highly porous, opal-A diatomite in western parts of the
and Petersen, 1987). The generally low API gravity (<20 APISan Joaquin basin through natural and artificially induced frac-
of Californian oil is also related to early generation, low maxures.
mum temperatures, and bacterial degradation, both as organicThe high diagenetic potential of the Monterey’s fine-
matter and as hydrocarbons (Petersen and Hickey, 1987; Rgedined components (chiefly of silica, carbonate, and organic
Ikotter and Isaacs, 1996). The co-occurrence of both in smatter), diagenetic embrittlement (of chert, porcelanite, and
kerogen and migrated hydrocarbons within the rock matrix paslomite) with burial, and location in a tectonically active set-
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tured reservoirs are locally very important. For example, Mon-
terey fractured reservoirs account for ~75% of the oil pro-
duced in the Santa Maria area (Crawford, 1971). In the most

Epoch  Marine oxygen Coastal  Pacific Rim | recent assessment of hydrocarbon resources of the Pacific
isotopes (3'°Oppg)  Onlap diatomites | 5 ;ter Continental Shelf region, fractured Monterey Formation
cooler  warmer falling rising or equivalent strata are estimated to contain more than one-
Ma 3 2 ,1 0 05, 10 half of the undiscovered conventionally recoverable oil (5.96
6 B S billion barrels) and more than one-third of the undiscovered
1 | Y conventionally recoverable gas (6.32 trillion cubic feet) for a
8: s ol vz total of 7.08 billion barrels of oil equivalent (Dunkel and
104 [ | climate "~ Piper, 1997).
1o EV
1215 2 Nagd PALEOCEANOGRAPHIC AND PALEOENVIRONMEN-
1418 Tg — — vz TAL SIGNIFICANCE
] 2 % v‘u’
164 — Deposition of the Monterey and its equivalents coincided
18: > T with or followed major changes in Miocene ocean circulation,
1 |s Non-glaci Present | global climate, and tectonics (Ingle, 1980, 1981b; Pisciotto and
204 ¥ c|“mate Garrison, 1981; Vincent and Berger, 1985; Barron, 1986a). The

diatomaceous and organic-rich Monterey sediments were
#4% Expansion of Antarctic ice cap deposited following a major switch in marine thermohaline cir-
culation into approximately the modern configuration where
deep water that forms in the North Atlantic and circum-Antarctic
regions principally upwells in the Pacific and Indian Oceans
Figure 8. Global Miocene climatic and eustatic events and occurrencétnnett, 1977; Keller and Barron, 1983; Woodruff and Savin,
Miocene diatomites in bathyal sequences around the north Pacific i®89). Monterey deposition also encompassed the important
gin (modified from Ingle, 1981b). PDB—Peedee belemnite. middle Miocene cooling step in which the Southern Hemisphere
cryosphere expanded into western Antarctica (Fig. 8) (Kennett,
1977; Miller et al., 1987). Regional intensification of upwelling
ting combined to create many highly fractured or brecciated aild increased affinity with higher latitude assemblages in the late
reservoirs in the subsurface (Regan and Hughes, 1949; McGMiecene is indicated by most planktonic taxa (Ingle, 1973,
et al., 1983; Dunham and Blake, 1987; MacKinnon, 1989b; Eict881b; Weaver et al., 1981; Barron, 1986a). The co-occurrence of
hubl and Behl, 1998). Depending on original depositional coalt these events in the middle to late Miocene has led many to
straints, different lithologies may make up the important fracturatiribute or relate the character of Monterey deposits to this
reservoirs in individual fields. Whereas fractured siliceous shaigportant reorganization of the Earth’s cryosphere-hydrosphere-
and porcelanite provide important production in the San Joagaimosphere system, both as cause and as effect (Ingle, 1981b;
basin, chert and dolomite breccias form the most important reggisciotto and Garrison, 1981; Vincent and Berger, 1985; Barron,
voirs in the onshore and offshore Santa Maria basin (Redwih®86a). In particular, middle Miocene accumulation of organic
1981; Roehl, 1981; McGuire et al., 1983; Crain et al., 1985; Dumatter in marine sediments was great enough to perturb the car-
ham et al., 1991). In all cases, fractures are critical for fluid flowlion balance of the global ocean and atmosphere and produce a
the otherwise extremely low permeability (<1 md) Montergyrominent positive excursion in carbon isotopes that has been
lithologies. The distribution and density of fractures vary witlecognized in deep-sea and Monterey sequences (Vincent and
rock type, diagenetic grade, bed thickness, location on tectoBerger, 1985; Compton et al., 1990; Flower and Kennett,
structures, and the regional stress field (Snyder et al., 1983893;,1994; Raymo, 1994). Although the accumulation of
Belfield et al., 1983; Snyder, 1987; MacKinnon, 1989b; Narorganic carbon in the Monterey Formation alone was probably
1991; Gross, 1993; Gross et al., 1997; Finkbeiner et al., 1997) armifficient to account for this shift, the Monterey was clearly
are also related to large-scale faulting (Eichhubl, 1997). deposited within the context of an important transition in Ceno-
In addition to microscopic and macroscopic fracture porositgic cooling associated with cryospheric expansion, thermoha-
and permeability, most highly siliceous rocks have substantiak circulation reorganization (Fig. 8), and possibly accelerated
(10%-35%) matrix porosity (Isaacs, 1981d), which can form tHax of nutrients to the ocean related to Himalayan uplift (Richter
major part of reservoir storage, but also contributes to a compddal., 1992). The widespread lower calcareous mudstone facies
production behavior. of the Monterey was largely deposited during an interval of early
While much of the oil generated in the Monterey is pré¢e middle Miocene gradual warming. The phosphatic and
duced from associated or overlying clastic reservoirs, framrganic-rich facies correlate with a middle Miocene sea-level rise
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and highstand that occurred prior to expansion of the Antarctic ~ University Press (in press).

ice sheet (Pisciotto and Garrison, 1981), thus are in effect, cBehl, R. J., 1992, Chgrtification in the Montgrey Formatioq of California and'
densed. “transaressive shales” (Isaacs 1999)_ Deep—Sea se_dlm(_ents of the West Pacific [Ph.D. thesis]: Santa Cruz, Uni-
' 9 . e . . versity of California, 287 p.

Recently, major member-scale stratigraphic shifts in bulign r. 3., 1998, Relationships between silica diagenesis, deformation, and fluid
composition in the Monterey have been reinterpreted to reflect flow in Monterey Formation cherts, Santa Maria Basin, Califorinia,
shoaling and shoring of the Monterey depositional environment  Eichhubl, P., ed., Diagenesis, deformation, and fluid flow in the Miocene
as part of a prograding margin, modified by eustatic sea-level Monterey Formation: Pacific Section, SEPM (Society for Sedimentary

h ther than regional or global changes in paleoceapgg- o¢°°9) Special Publication 83, p. 77-83.
changes, ra 9 9 g P ng R. J., and Garrison, R. E., 1994, The origin of chert in the Monterey For-

raphy and C!imate (Isaacs _et al., 1996; Isaqcs, 1999). _lr_‘ this" mation of California (USA)in lijima, A., Abed, A., and Garrison, R.,
model, the time-transgressive nature of major compositional eds., Siliceous, phosphatic and glauconitic sediments of the Tertiary and
lithofacies reflects proximity to loci of coastal or banktop Mesozoic: Utrecht, International Geological Congress Proceedings, Part
upwelling, sources of terrigenous detritus, as well as periods of C:P- 101-132.

sediment starvation (Isaacs et al.. 1996 Isaacs 1999) For ex%erwi R. J., and Kennett, J. P., 1996, Brief interstadial events in the Santa Barbara
o ’ ’ ’ basin, NE Pacific, during the past 60 kyr: Nature, v. 379, p. 243-246.

ple, the generaHY_ most Si"CGOL_JS middle to upper members of Ha@| r. J., and Meike, A., 1990, Cryptocrystalline relationships of silica phases
Monterey (late Miocene, Mohnian stage) are interpreted to reflect in chert: Particulate Science and Technology, v. 8, p. 111-122.
deposition within the direct influence of shallow (~500 m or lesB8glfield, W. C., Helwig, J., La Pointe, P., and Dahleen, W. K., 1983, South Ell-
coastal (~20 km from shore) upwelling or bathymetrically wood Oil Field, Santa Barbara Channel, California, a Monterey Forma-

induced upwelling, such as that adjacent to shallowly submerged 107 Fractured Reservaii Isaacs, C. M., and Garrison, R. E., eds.,
P 9, | y 9 Petroleum generation and occurrence in the Miocene Monterey Forma-

banks. This interpr_etation _iS difficult to recpncile, however_: with i, California: Los Angeles, Pacific Section, Society of Economic Pale-
the presence of highly diatomaceous middle to late Miocene ontologists and Mineralogists, p. 213-221.

deposits in offshore locations from Baja California to the OregB8iddle, K. T., 1991, The Los Angeles Basin: An overviewBiddle, K. T., ed.,
border that were deposited and remain at middle to lower bathyal Active margin basins: American Association of Petroleum Geologists

Memoir 52, p. 1-24.
depths and are >100 km away from the modern prograded ShQII:’ﬁ-e, G. H., 1981, Biostratigraphic relationship of Neogene benthic Foramini-

line (Ingle, 1973, 1980; Ba”"_)n, 1_98_63’ :_1-986b; B|a_ke’ 1981; Lyle  fera from the southern California Outer Continental Borderland to the
et al., 1997). The wide spatial distribution of the important and  Monterey Formationin Garrison, R. E., and Douglas, R. G., eds., The

unusual Monterey-type deposits likely reflects the unique co-  Monterey Formation and related siliceous rocks of California: Los Ange-
occurrence of paleoceanographic, paleoclimatic, and tectonic les, Pacific Section, Society of Economic Paleontologists and Mineralo-

. . gists, p. 1-14.
events during the Miocene epoch. Blake, G. H., 1991, Review of the Neogene biostratigraphy and stratigraphy of

the Los Angeles Basin and implications for basin evolutioBjddle, K.
ACKNOWLEDGMENTS T., ed., Active margin basins: American Association of Petroleum Geolo-
gists Memoir 52, p. 135-184.

This review could only cite a few of the many studies of tﬁé&ke, M. C., Campbell, R. H., Dibblee, T. W., Jr., Howell, D. G., Nilsen, T. H.,

Monterey Formation. | am greatly indebted to all of the “friends ~ \ormarki W- R., vedder, J. C., and Silver, E. A., 1978, Neogene basin for-
y ’ 9 y mation in relation to plate-tectonic evolution of the San Andreas Fault

of the Monterey” who by Fhe_ir eﬁorts have given us so much over  system, California: American Association of Petroleum Geologists Bul-
the past century. Any omission is due to space limitations and my letin, v. 62, p. 344-372.

incomplete efforts—I| hope not to offend anyone whose worlB¢hrmann, G., Abelmann, A., Gersonde, R., Hubberten, H., and Kuhn, G., 1994,
left out. The manuscript was greatly improved by the reviews of Pure siliceous ooze, a diagenetic environment for early chert formation:

. . . . Geology, v. 22, p. 207-210.
Tom Wright and Bob Garrison. | also thank the editors, DOtté?amlette, M. N., 1946, The Monterey Formation of California and the origin of

Stout, Eldridge Moores, ?‘nd Doris Sloan, for en_couraging me 0 s siliceous rocks, U.S. Geological Survey Professional Paper 212, 57 p.
complete this manuscript. Acknowledgment is made to tBemns, S. J., and Baker, P. A., 1987, A geochemical study of dolomite in the Mon-
Donors of The Petroleum Research Fund, administered by the terey Formation, California: Journal of Sedimentary Petrology, v. 57, p.

American Chemical Society, for support of this research. 128-139. _ _ ,
Cady, S. L., Wenk, H. R., and Downing, K. H., 1996, HRTEM of microcrystalline
opal in chert and porcelanite from the Monterey Formation, California:
REFERENCES CITED American Mineralogist, v. 81, p. 1380-1395.
Calvert, S. E., 1966, Accumulation of diatomaceous silica in the sediments of the
Barron, J. A., 1986a, Paleoceanographic and tectonic controls on deposition of ~ Gulf of California: Geological Society of America Bulletin, v. 77, p.
the Monterey Formation and related siliceous rocks in California: Palaeo- ~ 569-596.
geography, Palaeoclimatology, Palaeoecology, v. 53, p. 27-45. Calvert, S. E., 1968, Silica balance in the ocean and diagenesis: Nature, v. 219, p.
Barron, J. A., 1986b, Updated diatom biostratigraphy for the Monterey Forma-  919-920.
tion of California,in Casey, R. E., and Barron, J. A., eds., Siliceous micr&€anfield, C. R., 1939, Subsurface stratigraphy of Santa Maria Valley oil field and
fossil and microplankton of the Monterey Formation and modern analogs:  adjacent parts of Santa Maria Valley, California: American Association of
Los Angeles, Pacific Section, Society of Economic Paleontologists and Petroleum Geologists Bulletin, v. 23, p. 45-81.

Mineralogists, p. 105-120. Casey, R. E., and Barron, J. A., 1986, Siliceous microfossil and microplankton of
Barron, J. A., and Isaacs, C. M., 1999, Updated chronostratigraphic framework  the Monterey Formation and modern analogs: Los Angeles, Pacific Sec-
for the California Miocenen Isaacs, C. M., and Ruellkétter, J., eds., The tion, Society of Economic Paleontologists and Mineralogists, 147 p.

Monterey Formation: From rocks to molecules: New York, Columbi€ompton, J. S., 1991, Origin and diagenesis of clay minerals in the Monterey For-



310 R. J. Behl

mation, Santa Maria Basin area, California: Clays and Clay Minerals, v. bara, Californiajn Eichhubl, P., ed., Diagenesis, deformation, and fluid

39, p. 449-466. flow in the Miocene Monterey Formation: Pacific Section, SEPM (Soci-
Compton, J. S., Snyder, S. W., and Hodell, D. A., 1990, Phosphogenesis and ety for Sedimentary Geology) Special Publication 83, p. 15-36.

weathering of shelf sediments from the southeastern United States: Impiirger, K. L., 1995, Recognition of middle Miocene foraminifers in highly

cations for Miocen@!3 C excursions and global cooling: Geology, v. 18, indurated rocks of the Monterey Formation, coastal Santa Maria province,
p. 1227-1230. central California: U.S. Geological Survey Bulletin, v. 1995L, p. L1-L30.
Crain, W. E., Mero, W. E., a nd Patterson, D., 1985, Geology of the Polinkbeiner, T., Barton, C. A., and Zoback, M. D., 1997, Relationships among in-
Arguello discovery: American Association of Petroleum Geologists Bul- situ stress, fractures and faults, and fluid flow: Monterey Formation, Santa
letin, v. 69, p. 537-545. Maria Basin, California: American Association of Petroleum Geologists
Crawford, F. D., 1971, Petroleum potential of Santa Maria province, California, Bulletin, v. 81, p. 1975-1999.
Cram, |. H., ed., Future petroleum provinces of the United States—ThElower, B. P., and Kennett, J. P., 1993, Relations between Monterey Formation
geology and potential: Tulsa, American Association of Petroleum Geolo- deposition and middle Miocene global cooling: Naples Beach section,
gists, p. 316-328. California: Geology, v. 21, p. 877-880.
Crouch, J. A., and Bukry, D., 1979, Comparison of Miocene provincial foranftlower, B. P., and Kennett, J. P., 1994, Oxygen and carbon isotopic stratigraphy of
niferal stages to coccoliths in the California continental borderland: Geol- the Monterey Formation at Naples Beach, Califorinidjornafius, J. S.,
ogy, V. 7, p. 211-215. ed., Field guide to the Monterey Formation between Santa Barbara and
Crouch, J. K., and Suppe, J., 1993, Late Cenozoic tectonic evolution of the Los  Gaviota, California: Los Angeles, Pacific Section, American Association
Angeles basin and inner California borderland: A model for core com- of Petroleum Geologists, p. 59-66.
plex-like crustal extension: Geological Society of America Bulletin, =6limi, K. B., Garrison, R. E., and Grimm, K. A., 1991, Stratification in phos-
105, p. 1415-1434. phatic sediments: lllustrations from the Neogene of Califoimiainsele,
Crouch, Bachman, and associates, 1991, Structure and stratigraphy of the Mon-  G., Ricken, W., and Seilacher, A., eds., Cycles and events in stratigraphy:
terey Formation and adjacent rocks, central California: A field seminar, Berlin, Springer-Verlag, p. 492-507.

Part I: Descriptive text and guideboak|ewis, L., Hubbard, P., Heath, E., Foss, C. D., and Blaisdell, R., 1968, Stratigraphy of the west side southern San
and Pace, A., eds., Southern Coast Ranges, Annual field trip guide-  Joaquin Valleyin Karp, S. E., ed., Guidebook, geology and oilfields west

book 15, Santa Ana, South Coast Geological Society, p. 189-217. side southern San Joaquin Valley: Bakersfield, Pacific Section, American
Curiale, J. A., Cameron, D., and Davis, D. V., 1985, Biological marker distribu- Association of Petroleum Geologists, p. 33-43.

tion and significance in oils and rocks of the Monterey Formation, Cakviedman, I., and Murata, K. J., 1979, Origin of dolomite in Miocene Monterey

fornia: Geochimica Cosmochimica Acta, v. 49, p. 271-288. Shale and related formations in the Temblor Range, California: Geochim-

DePaolo, D. J., and Finger, K. L., 1991, High-resolution strontium-isotope stratig- ica Cosmochimica Acta, v. 43, p. 1357-1365.
raphy and biostratigraphy of the Miocene Monterey Formation, centfaiitsche, A. E., 1998, Miocene palinspastic restoration of southwestern Califor-
California: Geological Society of America Bulletin, v. 103, p. 112-124. nia: American Association of Petroleum Geologists Bulletin, v. 82, p.
Donegan, D., and Schrader, H., 1981, Modern analogues of the Miocene diatoma- 847-848.
ceous Monterey Shale of California: Evidence from sedimentologic a@grrison, R. E., and Douglas, R. G., 1981, The Monterey Formation and related
micropaleontologic studyn Garrison, R. E., and Douglas, R. G., eds., siliceous rocks of California: Los Angeles, Pacific Section, Society of
The Monterey Formation and related siliceous rocks of California: Los Economic Paleontologists and Mineralogists, 327 p.
Angeles, Pacific Section, Society of Economic Paleontologists and Mi@arrison, R. E., and Ramirez, P. C., 1989, Conglomerates and breccias in the

eralogists, p. 149-157. Monterey Formation and related units as reflections of basin margin his-
Dunham, J. B., and Blake, G. H., 1987, Guide to coastal outcrops of the Mon-  tory,in Colburn, I. P., Abbott, P. L., and Minch, J., eds., Conglomerates in
terey Formation of western Santa Barbara county, Califamiynham, basin analysis: A symposium dedicated to A.O. Woodford: Pacific Sec-

J. B., ed., Guide to coastal outcrops of the Monterey Formation of western  tion, Society of Economic Paleontologists and Mineralogists, p. 189-206.
Santa Barbara County, California: Los Angeles, Pacific Section, Sociébarrison, R. E., Stanley, R. G., and Horan, L. J., 1979, Middle Miocene sedimen-
of Economic Paleontologists and Mineralogists, Special Publication v. 53, tation on the southeastern edge of the Lockwood high, Monterey County,
36 p. California,in Graham, S. A., ed., Tertiary and Quaternary geology of the
Dunham, J. B., Bromley, B. W., and Rosato, V. J., 1991, Geologic controls on Salinas Valley and Santa Lucia Range, Monterey County, California:
hydrocarbon occurrence within the Santa Maria basin of western Califor- Pacific Coast paleogeography field guide: Los Angeles, Pacific Section,

nia, in Gluskoter, H. J., Rice, D. D., and Taylor, R. B., eds., Economic Society of Economic Paleontologists and Mineralogists, p. 51-65.
geology, U.S.: Boulder, Colorado, Geological Society of America, GedGarrison, R. E., Kastner, M., and Zenger, D. H., 1984, Dolomites of the Monterey
ogy of North America, p. 431-446. Formation and other organic-rich units: Los Angeles, Pacific Section,

Dunkel, C. A., and Piper, K. A., 1997, 1995 National assessment of United States  Society of Economic Paleontologists and Mineralogists, 215 p.
oil and gas resources: Assessment of the Pacific Outer Continental SBalfrison, R. E., Kastner, M., and Kolodny, Y., 1987, Phosphorites and phosphatic
Region: U.S. Department of the Interior Minerals Management Service rocks in the Monterey Formation and related Miocene units, coastal Cali-
MMS 97-0019, 207 p. fornia,in Ingersoll, R. V., and Ernst, W. G., eds., Cenozoic basin develop-
Eichhubl, P., 1997, Scale, rates, and timing of fracture-related fluid flow in the ment of coastal California (Rubey Volume VI): Englewood Cliffs, New
Miocene Monterey Formation, coastal California [Ph.D. thesis]: Santa Jersey, Prentice-Hall, p. 348-381.
Barbara, University of California, 298 p. Garrison, R. E., Kastner, M., and Reimers, C. E., 1990, Miocene phosphogenesis
Eichhubl, P., ed., 1998, Diagenesis, deformation, and fluid flow in the Miocene in California,in Burnett, W. C., and Riggs, S. R., eds., Phosphate deposits
Monterey Formation: Pacific Section, SEPM (Society for Sedimentary of the world; Neogene to modern phosphorites: New York, Cambridge

Geology) Special Publication 83, 98 p. University Press, p. 285-299.

Eichhubl, P., and Behl, R. J., 1998, Diagenesis, deformation, and fluid flow in Barrison, R. E., Hoppie, B. W., and Grimm, K. A., 1994, Phosphates and
Miocene Monterey Formatioim Eichhubl, P., ed., Diagenesis, deforma- dolomites in coastal upwelling sediments of the Peru margin and the
tion, and fluid flow in the Miocene Monterey Formation: Pacific Section, Monterey Formation (Naples Beach section), Califorinigjornafius, J.
SEPM (Society for Sedimentary Geology) Special Publication 83, p. S., ed., Field guide to the Monterey Formation between Santa Barbara and
5-13. Gaviota, California: Bakersfield, Pacific Section, American Association

Eichhubl, P., and Boles, J. R., 1998, Vein formation in relation to burial diagene-  of Petroleum Geologists, p. 67-84.
sis in the Miocene Monterey Formation, Arroyo Burro Beach, Santa B&lobal Geochemistry Corporation, 1985, The Geochemical and Paleoenviron-



Since Bramlette (1946): the Miocene Monterey Formation of California revisited 311

mental history of the Monterey Formation—Sediments and hydrocar- Point Conception, Santa Barbara coast, Califoini¢gsaacs, C. M., ed.,

bons: Canoga Park, California, Global Geochemistry Corporation, 459 p. Guide to the Monterey Formation in the California coastal area, Ventura to
Govean, F. M., and Garrison, R. E., 1981, Significance of laminated and massive  San Luis Obispo: Los Angeles, Pacific Section, American Association

diatomites in the upper part of the Monterey Formation, Califomia, Petroleum Geologists, p. 9-23.

Garrison, R. E., and Douglas, R. G., eds., The Monterey Formation dedacs, C. M., 1981c, Outline of diagenesis in the Monterey Formation examined

related siliceous rocks of California: Los Angeles, Pacific Section, Society laterally along the Santa Barbara coast, Califoiniéssaacs, C. M., ed.,

of Economic Paleontologists and Mineralogists, p. 181-198. Guide to the Monterey Formation in the California coastal area, Ventura to
Graham, S. A., and Williams, L. A., 1985, Tectonic, depositional, and diagenetic San Luis Obispo: Los Angeles, Pacific Section, American Association

history of Monterey Formation (Miocene), central San Joaquin basin, Cal- Petroleum Geologists, p. 25-38.

ifornia: American Association of Petroleum Geologists Bulletin, v. 69, psaacs, C. M., 1981d, Porosity reduction during diagenesis of the Monterey For-

385-411. mation, Santa Barbara coastal area, Califorini&arrison, R. E., and
Grivetti, M. C., 1982, Aspects of stratigraphy, diagenesis, and deformation inthe  Douglas, R. G., eds., The Monterey Formation and related siliceous rocks

Monterey Formation near Santa Maria—Lompoc, California [Master’s the- of California: Los Angeles, Pacific Section, Society of Economic Paleon-

sis]: Santa Barbara, University California, 155 p. tologists and Mineralogists, p. 257-271.

Gross, M. R., 1993, The origin and spacing of cross joints: examples from ts@acs, C. M., 1982, Influence of rock composition on kinetics of silica phase
Monterey Formation, Santa Barbara coastline, California: Journal of changes in the Monterey Formation, Santa Barbara area, California: Geol-
Structural Geology, v. 15, p. 737-751. ogy, v. 10, p. 304-308.

Gross, M. R., Gutierrez-Alonso, G., Bai, T., Wacker, M. A., Collinsworth, K. Blsaacs, C. M., 1983, Compositional variation and sequence in the Miocene Mon-
and Behl, R. J., 1997, Influence of mechanical stratigraphy and kinemat-  terey Formation, Santa Barbara coastal area, Califamiarue, D. K.,
ics on fault scaling relations: Journal of Structural Geology, v. 19, p. and Steel, R. J., eds., Cenozoic marine sedimentation, Pacific margin:
171-183. Pacific Section, Society of Economic Paleontologists and Mineralogists

Hill, M. L., Carlson, S. A., and Dibblee, T. W., Jr., 1958, Stratigraphy of the Special Publication 28, p. 117-132.

Cuyama Valley and Caliente Range area, California: American Associsaacs, C. M., 1984, The Monterey—Key to offshore California boom: Oil & Gas
tion of Petroleum Geologists Bulletin, v. 42, p. 2973-3000. Journal, p. 75-81.

Hornafius, J. S., 1991, Facies analysis of the Monterey Formation in the nortisaacs, C. M., 1985, Abundance versus rates of accumulation in fine-grained strata
Santa Barbara Channel: American Association of Petroleum Geologists  of the Miocene Santa Barbara basin, California: Geo-Marine Letters, v. 5,
Bulletin, v. 75, p. 894-909. p. 25-30.

Hornafius, J. S., 1994a, Field guide to the Monterey Formation between Saséacs, C. M., 1988, Marine petroleum source rocks and reservoir rocks of the
Barbara and Gaviota, California: Bakersfield, Pacific Section, American Miocene Monterey Formation, California, U.S.An, Wagner, H. C.,

Association of Petroleum Geologists, v. GB-72, 123 p. Wagner, L. C., Wang, F. F. H., and Wong, F. L., eds., Petroleum resources
Hornafius, J. S., 1994b, Overview of the stratigraphy of the Monterey Formation  of China and related subjects: Houston, Texas, Circum-Pacific Council for
along the coastline between Santa Barbara and Gaviota, California, Energy and Mineral Resources Earth Science Series, v. 10, p. 825-848.
Hornafius, J. S., ed., Field guide to the Monterey Formation betweksaacs, C. M., 1999, Depositional framework of the Monterey Formation, Cali-
Santa Barbara and Gaviota, California: Bakersfield, Pacific Section, fornia,in Isaacs, C. M., and Ruellkétter, J., eds., The Monterey Formation:
American Association of Petroleum Geologists, p. 1-15. From rocks to molecules: New York, Columbia University Press (in press).
Hunt, J. M., 1979, Petroleum geochemistry and geology: San Francisco, Wddacs, C. M., and Garrison, R. E., 1983, Petroleum Generation and Occurrence in
Freeman, 617 p. the Miocene Monterey Formation, California: Los Angeles, Pacific Sec-

Ingersoll, R. V., and Ernst, W. G., 1987, Cenozoic basin development of coastal  tion, Society of Economic Paleontologists and Mineralogists, 228 p.
California (Rubey Volume VI): Englewood Cliffs, New Jersey, Prenticelsaacs, C. M., and Magoon, L. B., 1984, Thermal indicators of organic matter in
Hall, 496 p. the Sisquoc and Monterey Formations, Santa Maria basin, California:
Ingle, J. C., Jr., 1973, Summary comments on Neogene biostratigraphy, physical Society of Economic Paleontologists and Mineralogists Annual Midyear
stratigraphy, and paleo-oceanography in the marginal northeastern Pacific ~ Meeting Abstracts, 40 p.
Ocean,in Initial reports of the Deep Sea Drilling Project, Washingtonisaacs, C. M., and Petersen, N. F., 1987, Petroleum in the Miocene Monterey For-
D.C., U.S. Government Printing Office, p. 163-195. mation, Californiajn Hein, J. R., ed., Siliceous sedimentary rock-hosted
Ingle, J. C., Jr., 1980, Cenozoic paleobathymetry and depositional history of  ores and petroleum: Evolution of ore fields: New York, Van Nostrand
selected sequences within the southern California continental borderland:  Reinhold, p. 83-116.
Cushman Foundation for foraminiferal Research Special Publication 1$hacs, C. M., and Ruellkétter, J., eds., 1999, The Monterey Formation: From
p. 163-195. rocks to molecules: New York, Columbia University Press (in press).
Ingle, J. C., Jr., 1981a, Cenozoic depositional history of the northern continetgabcs, C. M., Baumgartner, T. R., Tennyson, M. E., Piper, D. Z., and Ingle, J. C.,
borderland of southern California and the origin of associated Miocene  Jr., 1996, A prograding margin model for the Monterey Formation, Cali-
diatomitesjn Isaacs, C. M., ed., Guide to the Monterey Formation in the fornia: American Association of Petroleum Geologists and Pacific Sec-
California coastal area, Ventura to San Luis Obispo: Los Angeles, Pacific ~ tion SEPM (Society for Sedimentary Geology) Annual Meeting
Section, American Association of Petroleum Geologists Special Publica-  Abstracts, v. 5, p. 69.
tion 52, p. 1-8. Kablanow, R. 1., Il, and Surdam, R. C., 1984, Diagenesis and hydrocarbon gener-
Ingle, J. C., Jr., 1981b, Origin of Neogene diatomites around the north Pacific rim,  ation in the Monterey Formation, Huasna basin, Califoini&urdam,
in Garrison, R. E., and Douglas, R. G., eds., The Monterey Formationand  R. C., ed., A guidebook to the stratigraphic, tectonic, thermal, and diage-
related siliceous rocks of California: Los Angeles, Pacific Section, Society netic histories of the Monterey Formation, Pismo and Huasna basin, Cal-
of Economic Paleontologists and Mineralogists, p. 159-179. ifornia: Tulsa, Society of Economic Paleontologists and Mineralogists, p.
Isaacs, C. M., 1980, Diagenesis in the Monterey Formation examined laterally =~ 53—-68.
along the coast near Santa Barbara, California [Ph.D. thesis]: Stanfdtdstner, M., Keene, J. B., and Gieskes, J. M., 1977, Diagenesis of siliceous
California, Stanford University, 329 p. oozes—I. Chemical controls on the rate of opal-A to opal-CT transforma-
Isaacs, C. M., 1981a, Guide to the Monterey Formation in the California coastal  tio—An experimental study: Geochimica et Cosmochimica Acta, v. 41,
area, Ventura to San Luis Obispo: Los Angeles, Pacific Section, American ~ p. 1041-1059.
Association Petroleum Geologists, 91 p. Kastner, M., Mertz, K., Hollander, D., and Garrison, R., 1984, The association of
Isaacs, C. M., 1981b, Lithostratigraphy of the Monterey Formation, Goleta to dolomite-phosphorite-chert: Causes and possible diagenetic sequences,



312 R. J. Behl

Garrison, R. E., Kastner, M., and Zenger, D. H., eds., Dolomites of tihwayerson, D. A., Dunkel, C. A., Piper, K. A., and Cousminer, H. L., 1995, Iden-
Monterey Formation and other organic-rich units: Los Angeles, Pacific tification and correlation of the opal-CT/quartz phase transition in off-

Section, Society of Economic Paleontologists and Mineralogists, p. shore central California [abs]: American Association of Petroleum
75-86. Geologists Bulletin, v. 79, p. 592.

Keller, G., and Barron, J. A., 1981, Integrated planktic foraminiferal and diatdwcCulloh, T. H., 1979, Implications for petroleum appraisaCook, H. E., ed.,
biochronology for the northeast Pacific and the Monterey Formation, Geologic Studies of the Point Conception deep stratigraphic test well

Garrison, R. E., and Douglas, R. G., eds., The Monterey Formation and  OCS-CAL 78-164 No. 1, Outer Continental Shelf, southern California,
related siliceous rocks of California: Los Angeles, Pacific Section, Society United States: U.S. Geological Survey Open-File Report 79-128, p. 26-
of Economic Paleontologists and Mineralogists, p. 43-54. 42.

Keller, G., and Barron, J. A., 1983, Paleoceanographic implications of MioceMeGuire, M. D., Bowersox, J. R., and Earnest, L. J., 1983, Diagenetically
deep-sea hiatuses: Geological Society of America Bulletin, v. 94, p. enhanced entrapment of hydrocarbons—Southern Lost Hills fractured

590-613. shale pool, Kern County, Californii Isaacs, C. M., and Garrison, R. E.,
Keller, M. A, and Isaacs, C. M., 1985, An evaluation of temperature scales for sil-  eds., Petroleum generation and occurrence in the Miocene Monterey For-

ica diagenesis in diatomaceous sequence including a new approach based mation, California: Los Angeles, Pacific Section, Society of Economic

on the Miocene Monterey Formation, California: Geo-Marine Letters, v. Paleontologists and Mineralogists, p. 171-183.

5, p. 31-35. Miller, K. G., Fairbanks, R. G., and Mountain, G. S., 1987, Tertiary oxygen iso-
Kennett, J. P., 1977, Cenozoic evolution of Antarctic glaciation, the circum- tope synthesis, sea level history, and continental margin erosion: Paleo-

Antarctic Ocean, and the impact on global paleoceanography: Journal of ~ ceanography, v. 2, p. 1-19.

Geophysical Research, v. 82, p. 3843-3860. Murata, K. J., and Larson, R. R., 1975, Diagenesis of Miocene siliceous shales,
King, J. D., and Claypool, G. E., 1983, Biological marker compounds and impli- Temblor Range, California: U.S. Geological Survey Journal of Research,

cations for generation and migration of petroleum in rocks of the Point v. 3, p. 553-566.

Conception deep-stratigraphic test well, OCS-Cal 78-164 No. 1, offshdvieirata, K. J., and Nakata, J. K., 1974, Cristobalitic stage in the diagenesis of
California,in Isaacs, C. M., and Garrison, R. E., eds., Petroleum genera- diatomaceous shale: Science, v. 184, p. 567-568.

tion and occurrence in the Miocene Monterey Formation, California: Lédurata, K. J., and Norman, M. B., 1976, An index of crystallinity for quartz:

Angeles, Pacific Section, Society of Economic Paleontologists and Min- American Journal of Science, v. 276, p. 1120-1130.
eralogists, p. 191-200. Murata, K. J., Friedman, I. I., and Madsen, B. M., 1967, Carbon-13-rich diage-
Kleinpell, R. M., 1938, Miocene stratigraphy of California: Tulsa, American netic carbonates in Miocene formations of California and Oregon: Sci-
Association of Petroleum Geologists, 450 p. ence, v. 156, p. 1484-1485.
Kleinpell, R. M., 1980, Miocene stratigraphy of California revisited: AmericaMurata, K. J., Friedman, |., and Cremer, M., 1972, Geochemistry of diagenetic
Association of Petroleum Geologists Studies in Geology 11, 349 p. dolomites in Miocene marine formations of California and Oregon: Wash-
Kruge, M. A., 1983, Diagenesis of Miocene biogenic sediments in Lost Hills oil ington, D.C., U.S. Government Printing Office, 12 p.

field, San Joaquin basin, California,Isaacs, C. M., and Garrison, R. E.,Murray, R. W., and Jones, D. L., 1992, Diagenetic formation of bedded chert: Evi-

eds., Petroleum generation and occurrence in the Miocene Monterey For-  dence from chemistry of the chert-shale couplet: Geology, v. 20, p.

mation, California: Los Angeles, Pacific Section, Society of Economic 271-274.

Paleontologists and Mineralogists, p. 39-51. Narr, W., 1991, Fracture density in the deep subsurface: Techniques with applica-
Lagoe, M. B., 1981, Subsurface facies analysis of the Saltos Shale member, Mon- tion to the Point Arguello oil field: American Association of Petroleum

terey Formation (Miocene) and associated rocks, Cuyama Valley, Califor- Geologists Bulletin, v. 75, p. 1300-1323.

nia,in Garrison, R. E., and Douglas, R. G., eds., The Monterey Formati@bradovich, J. D., and Naeser, C. W., 1981, Geochronology bearing on the age of

and related siliceous rocks of California: Los Angeles, Pacific Section, the Monterey Formation and siliceous rocks in Califoiinigarrison, R.
Society of Economic Paleontologists and Mineralogists, p. 199-211. E., and Douglas, R. G., eds., The Monterey Formation and related sili-

Lillis, P. G., and Lagoe, M. B., 1983, Regional patterns of oil gravity in the Mon- ceous rocks of California: Los Angeles, Pacific Section, Society of Eco-
terey Formation, Santa Maria basin, California; implications for petro- nomic Paleontologists and Mineralogists, p. 87-95.

leum exploration and tectonic histony,Isaacs, C. M., and Garrison, R. Omarzai, S. K., 1992, Monterey Formation of California at Shell Beach (Pismo

E., eds., Petroleum generation and occurrence in the Miocene Monterey  basin): Its lithofacies, paleomagnetism, age, and oriigi&chwalbach, J.

Formation, California: Los Angeles, Pacific Section, Society of Economic R., and Bohacs, K. M., eds., Sequence stratigraphy in fine-grained rocks:

Paleontologists and Mineralogists, p. 225. Examples from the Monterey Formation: Santa Fe Springs, Pacific Sec-
Lyle, M., Koizumi, I., Richter, C., et al., eds., 1997, Proceedings of the Ocean tion, SEPM (Society for Sedimentary Geology), p. 47—65.

Drilling Program, Initial reports 167: College Station, Texas, Ocea@rr, W. L., 1984, Sulfur and sulfur isotope ratios in Monterey oils of the Santa

Drilling Program, 1378 p. Maria basin and Santa Barbara channel area: Society of Economic Pale-
MacKinnon, T. C., 19894, Origin of the Miocene Monterey Formation in Califor- ontologists and Mineralogists, Annual Midyear Meeting Abstracts, v. 1, p.
nia,in MacKinnon, T. C., ed., Oil in the California Monterey Formation: 62.
Fieldtrip guidebook T311: Washington, D.C., American Geophysic&rr, W. L., 1986, Kerogen/asphaltene/sulfur relationships in sulfur-rich Monterey
Union, p. 1-10. oils: Organic Geochemistry, v. 10, p. 499-516.
MacKinnon, T. C., 1989b, Petroleum geology of the Monterey Formation in tizalas, K., Savrda, C. E., and Fullerton, R. R., Jr., 1994, Bioturbation oxygena-
Santa Maria and Santa Barbara coastal and offshoreiarbsckinnon, tion-event beds in siliceous facies: Monterey Formation (Miocene), Cali-
T. C., ed., Oil in the California Monterey Formation: Fieldtrip guidebook fornia: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 112, p.
T311: Washington, D.C., American Geophysical Union, p. 11-27. 63-83.

Malone, M. J., Baker, P. A., and Burns, S. J., 1996, Hydrothermal dolomitizatiBetersen, N. F., and Hickey, P. J., 1987, California Plio-Miocene oils: Evidence of
and recrystallization of dolomite breccias from the Miocene Monterey early generatiorin Meyer, R. F., ed., Exploration for heavy crude oil and
Formation, Tepusquet area, California: Journal of Sedimentary Research,  natural bitumen: American Association of Petroleum Geologists Studies

V. 66A, p. 976-990. in Geology 25, p. 351-359.
Mayerson, D., and Crouch, J., 1994, The opal-CT/quartz diagenetic boundaisciotto, K. A., 1981a, Diagenetic trends in the siliceous facies of the Monterey
within the Monterey Formation of the California offshore Santa Maria Shale in the Santa Maria region, California: Sedimentology, v. 28, p.

Basin; an untapped exploration target: American Association of Petro- 547-571.
leum Geologists Bulletin, v. 78, p. 669-670. Pisciotto, K. A., 1981b, Review of secondary carbonates in the Monterey Forma-



Since Bramlette (1946): the Miocene Monterey Formation of California revisited 313

tion, California,in Garrison, R. E., and Douglas, R. G., eds., The Mon- styles in the Monterey Formation and other siliceous sedimentary rocks,
terey Formation and related siliceous rocks of California: Los Angeles, in Isaacs, C. M., and Garrison, R. E., eds., Petroleum generation and
Pacific Section, Society of Economic Paleontologists and Mineralogists, occurrence in the Miocene Monterey Formation, California: Los Angeles,

p. 273-283. Pacific Section, Society of Economic Paleontologists and Mineralogists,

Pisciotto, K. A., and Garrison, R. E., 1981, Lithofacies and Depositional Envi- p. 151-170.
ronments of the Monterey Formation, CalifornimGarrison, R. E., and Soutar, A., Johnson, S. R., and Baumgartner, T. R., 1981, In search of modern
Douglas, R. G., eds., The Monterey Formation and related siliceous rocks  analogs to the Monterey Formation,Garrison, R. E., and Douglas, R.
of California: Los Angeles, Pacific Section, Society of Economic Paleon- G., eds., The Monterey Formation and related siliceous rocks of Califor-
tologists and Mineralogists, p. 97-122. nia: Los Angeles, Pacific Section, Society of Economic Paleontologists
Pisciotto, K. A., and Mahoney, J. J., 1981, Isotopic survey of diagenetic carbon-  and Mineralogists, p. 123-147.
ates, DSDP Leg 6% Orlofsky, S., Yeats, R. S., Haq, B. U., Barron, J. A.,Surdam, R. C., 1984, Stratigraphic, tectonic, thermal, and diagenetic histories of
Bukry, D., Crouch, J., Denham, C., Douglas, A. G., Grechin, V. ., Leinen, the Monterey Formation, Pismo and Huasna Basin, California: Tulsa,
M., Niem, A. R, Verma, S. P,, Pisciotto, K. A., Poore, R. Z., Shibata, T., Oklahoma, Society of Economic Paleontologists and Mineralogists
and Wolfart, R., eds., Initial reports of the Deep Sea Drilling Project: Guidebook 2, 94 p.
Washington, D.C., U.S. Government Printing Office, p. 595-609. Surdam, R. C., and Stanley, K. O., 1981, Diagenesis and migration of hydrocar-
Pollastro, R. M., 1990, Geothermometry from smectite and silica diagenesis in  bons in the Monterey Formation, Pismo syncline, Califoini&arrison,
the diatomaceous Monterey and Sisquoc Formations, Santa Maria basin, R. E., and Douglas, R. G., eds., The Monterey Formation and related sili-

California: American Association of Petroleum Geologists Bulletin, v. 74, ceous rocks of California: Los Angeles, Pacific Section, Society of Eco-
p. 742. nomic Paleontologists and Mineralogists, p. 317-327.

Poore, R. Z., McDougall, K., Barron, J. A., Brabb, E. E., and Kling, S. A., 198Taylor, J. C., 1976, Geologic appraisal of the petroleum potential of offshore
Microfossil biostratigraphy and biochronology of the type Relizian and southern California: The borderland compared to onshore coastal basins:
Luisian Stages of Californiy Garrison, R. E., and Douglas, R. G., eds., U.S. Geological Survey Circular 730, 43 p.

The Monterey Formation and related siliceous rocks of California: Ldgng, L. S., and Gorsline, D. S., 1989, Late Cenozoic sedimentation in California
Angeles, Pacific Section, Society of Economic Paleontologists and Min- continental borderland basins as revealed by seismic facies analysis: Geo-
eralogists, p. 15-41. logical Society of America Bulletin, v. 101, p. 27-41.

Raymo, M. E., 1994, The Himalayas, organic carbon burial, and climate in ¥iecent, E., and Berger, W. H., 1985, Carbon dioxide and global cooling in the
Miocene: Paleoceanography, v. 9, p. 399-404. Miocene: The Monterey hypothesis Sundquist, E. T., and Broecker, W.

Redwine, L., 1981, Hypothesis combining dilation, natural hydraulic fracturing, S., eds., The carbon cycle and atmospheric: ®@tural variations
and dolomitization to explain petroleum reservoirs in Monterey Shale, Archean to present: American Geophysical Union Geophysical Mono-
Santa Maria area, Californim, Garrison, R. E., and Douglas, R. G., eds., graphs 32, p. 455-468.

The Monterey Formation and related siliceous rocks of California: La¥alker, A. L., McCulloh, T. H., Petersen, N. F., and Stewart, R. J., 1983, Anoma-
Angeles, Pacific Section, Society of Economic Paleontologists and Min- lously low reflectance of vitrinite, in comparison with other petroleum
eralogists, p. 221-248. source rock maturation indices, from the Miocene Modelo Formation in

Regan, L. J., and Hughes, A. W., 1949, Fractured reservoirs of Santa Maria Dis- the Los Angeles Basin, Californii, Isaacs, C. M., and Garrison, R. E.,
trict, California: American Association of Petroleum Geologists Bulletin, eds., Petroleum generation and occurrence in the Miocene Monterey For-
v. 33, p. 32-51. mation, California: Los Angeles, Pacific Section, Society of Economic

Richter, F. M., Rowley, D. B., and DePaolo, D. J., 1992, Sr isotope evolution of Paleontologists and Mineralogists, p. 185-190.
seawater: The role of tectonics: Earth and Planetary Science Letter&\gaver, F. M., Casey, R. E., and Perez, A. M., 1981, Stratigraphic and paleo-

109, p. 11-23. ceanographic significance of early Pliocene to middle Miocene radiolar-

Roehl, P. O., 1981, Dilation brecciation-—proposed mechanism of fracturing, ian assemblages from northern to Baja Califoini&garrison, R. E., and
petroleum expulsion, and dolomitization in Monterey Formation, Califor- Douglas, R. G., eds., The Monterey Formation and related siliceous rocks
nia,in Garrison, R. E., and Douglas, R. G., eds., The Monterey Formation of California: Los Angeles, Pacific Section, Society of Economic Paleon-
and related siliceous rocks of California: Los Angeles, Pacific Section, tologists and Mineralogists, p. 71-86.

Society of Economic Paleontologists and Mineralogists, p. 285-315. White, L. D., 1989, Chronostratigraphic and paleoceanographic aspects of
Ruellkdtter, J., and Isaacs, C. M., 1996, Monterey source rock facies and petro-  selected chert intervals in the Miocene Monterey Formation, California

leum formation; a synthesis of results of the cooperative Monterey [Ph.D. thesis]: Santa Cruz, University of California, 236 p.

organic geochemistry study: American Association of Petroleum Geoldlliams, L. A., and Graham, S. A., 1982, Monterey Formation and associated

gists and Pacific Section SEPM (Society for Sedimentary Geology) coarse clastic rocks, central San Joaquin basin, California: Los Angeles,

Annual Meeting Abstracts, v. 5, p. 123. Pacific Section, Society of Economic Paleontologists and Mineralogists,
Schwalbach, J. R., and Bohacs, K. M., 1992, Sequence stratigraphy in fine- 95 p.

grained rocks: Examples from the Monterey Formation: Santa Fe Springélliams, L. A., Parks, G. A., and Crerar, D. A., 1985, Silica diagenesis, |. Solu-

Pacific Section, Society of Economic Paleontologists and Mineralogists bility controls: Journal of Sedimentary Petrology, v. 55, p. 301-311.

(SEPM), Special Publication 70, p. 80. Woodring, W. P., and Bramlette, M. N., 1950, Geology and paleoecology of the
Schwalbach, J. R., and Bohacs, K. M., 1995, Stratigraphic sections and gamma- Santa Maria District, California: U.S. Geological Survey Professional
ray spectrometry from five outcrops of the Monterey Formation in south- Paper 222, 185 p

western California; Naples Beach, Point Pedernales, Lion's Head, Stfthodring, W. P., Bramlette, M. N., and Kew, W. S., 1946, Geology and paleon-
Beach, and Point Buchon: U.S. Geological Survey Bulletin 1995, p. tology of Palos Verdes Hills, California: USGS Professional Paper 207,

Q1-Q39. 145 p.
Snyder, W. S., 1987, Structure of the Monterey Formation: Stratigraphic, diagésodring, W. P., Bramlette, M. N., and Lohman, K. E., 1943, Stratigraphy and
netic, and tectonic influences on style and timindngersoll, R. V., and paleontology of Santa Maria District, California: American Association

Ernst, W. G., eds., Cenozoic basin development of coastal California  of Petroleum Geologists Bulletin, v. 27, p. 1335-1361.
(Rubey Volume VI): Englewood Cliffs, New Jersey, Prentice-Hall, pwoodruff, F., and Savin, S. M., 1989, Miocene deepwater oceanography: Paleo-
321-347. ceanography, v. 4, p. 87-140.

Snyder, W. S., Brueckner, H. K., and Schweickert, R. A., 1983, DeformationdhNusrRIPTACCEPTED BY THESOCIETY NOVEMBER 23, 1998.

Printed in U.S.A..



	Special Paper 338

