
ABSTRACT 

DETAILED LITHOSTRATIGRAPHIC CHARACTERIZATION OF CHICO 

MARTINEZ CREEK, CALIFORNIA 

By 

Annie G. Mosher 

December 2013 

A 6012-foot Monterey Formation succession at Chico Martinez Creek, San 

Joaquin basin, is characterized at high spatial resolution by spectral gamma-ray data in 2-

foot increments, 5-foot lithologic descriptions, and qualitative XRD and FTIR analysis.  

Based on these data, the 4 Monterey members–the Gould, Devilwater, McDonald and 

Antelope shales–are subdivided into 7 distinctive lithofacies.  New paleomagnetic data, 

combined with industry-provided biostratigraphy establishes a chronostratigraphic 

framework and allows determination of linear sediment accumulation rates.  Condensed 

sedimentation at the onset of McDonald deposition (~14 Ma) is also observed in 

correlative members in the Pismo, Santa Maria and Santa Barbara basins. This regional 

event is associated with eustatic regression from the Mid-Miocene highstand related to 

formation of the East Antarctic Ice Sheet and ongoing thermotectonic basin subsidence.  

A surge in linear sediment accumulation rates in the siliceous upper McDonald and 

Antelope (~10.4 Ma) is attributed to a regional increase in diatom productivity.  
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CHAPTER 1 

INTRODUCTION 

The siliceous Miocene Monterey Formation is of great economic importance in 

the San Joaquin basin and the state of California, both as a hydrocarbon source and 

reservoir.  This intraformational petroleum system exists due to the variable lithologic 

nature of the Monterey Formation, which contains both source rocks with high total 

organic carbon (TOC) and highly fractured biosiliceous chert and porcelanite reservoirs 

capable of storing commercial quantities of hydrocarbons.  According to a recent survey 

conducted by the U.S. Geological Survey to assess hydrocarbon potential in the San 

Joaquin Basin, there exists an estimated 393 million barrels (MMBbls) of technically 

recoverable undiscovered oil, 332 MMBbls of which is trapped in Miocene sediments 

(Gautier et al., 2003).  These estimates become potentially greater when considering 

continued improvement in recovery methods in known Monterey reservoirs.   

In an industry where the perception exists that most conventional accumulations 

have already been discovered and exploited, new excitement surrounding untapped 

unconventional shale plays has thrust the Monterey Formation back into the spotlight as 

an exploration target in California.  Although long known to be the key source of oil in 

California, enhanced understanding of this heterogeneous succession may prove pivotal 

to discovering new hydrocarbon accumulations and enhancing recovery from existing 

accumulations.   



	  
2 

Chico Martinez Creek (CMC), located in the foothills of the Temblor Range (fig. 

1), has served as a stratigraphic reference section for the Miocene Monterey Formation in 

the San Joaquin basin for nearly 100 years (Gaylord and Hanna, 1924) and is considered 

to be one of the thickest and most continuous surface exposures (greater than 6000 

stratigraphic feet) of the Monterey Formation in California (Bramlette, 1946).  The 

section has also been the site for lithologic studies, groundbreaking silica diagenesis 

research, and numerous field guides (Woodring, Stewart and Richards, 1940; Bramlette, 

1946; McMichael, 1959; Karp, Elliott and Young, 1968; Foss and Blaisdell, 1968; 

Dibblee, 1973; Murata and Nakata, 1974; Murata and Larson, 1975; Murata and Randall,  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1.  Index map illustrating the location of Chico Martinez Creek (blue star) with 
respect to the San Andreas fault and Temblor Range. 
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1975; Murata et al., 1977; Friedman and Murata, 1979; Williams, 1982; Williams et al., 

1982; Graham and Williams, 1985; Williams, 1990).	  	  In	  spite	  of	  this	  long	  interest,	  the	  

lithostratigraphy	  of	  the	  section	  has	  never	  been	  studied	  in	  detail.	  	  In fact, only a brief 

one-page general description exists in the academic literature (Woodring, Stewart and 

Richards, 1940), and it is only a small component of a larger, more regional research 

effort.  In essence, the Chico Martinez section offers a wealth of untapped data that could 

potentially yeild valuable insight into subsurface stratigraphy.  This succession, 

considered to be continuous, may also provide an uninterrupted record of major Miocene 

climatic changes and cycles.  Establishing the detailed stratigraphy and timing of 

depositional events can provide an important basis for understanding global events.  

Objective  

This study aims to rectify the lack of detail in the academic archives, by providing 

a detailed lithostratigraphic characterization of the Monterey Formation via acquisition of 

surface spectral gamma-ray data and detailed lithologic descriptions at CMC.  Gamma-

ray spectrographic data will be used as a proxy for sediment geochemistry and can be 

useful for interpretations of sequence stratigraphy that allow for identification of major 

paleoceanographic events, such as changes in sea level and bottom-water oxygenation.  

Because gamma-ray logs are routinely collected while drilling oil and gas wells, surface 

spectral and total gamma-ray data can be collected and compared to established 

subsurface stratigraphy and provide more valuable insight into lateral thickness variations 

of the Monterey Formation members than can be accomplished by lithologic descriptions 

alone.  

This research effort will use biostratigraphic data previously acquired by industry 
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for chronostratigraphic correlation of the section and, in effect, bring previously 

unpublished proprietary data into the realm of publically accessible literature.  To further 

refine age control, the remanent paleomagnetism in dolostone beds across a key interval 

will be determined to identify magnetic reversals in the Upper Miocene succession.  

These chronostratigraphic data allow for determination of sediment accumulation rates–

fluctuations in which may provide insight into paleoceanographic events and basin 

architecture during deposition.  

Although the Belridge Diatomite (referred to as the Reef Ridge in other areas of 

the basin) is accepted as the top of the Monterey Formation in the San Joaquin basin, it 

was not included in the study due to its poor exposure.  Consequently this thesis is 

limited to the Gould, Devilwater, McDonald and Antelope Shale members of the 

Monterey Formation.  Ultimately, this new detailed lithostratigraphic characterization 

will be of value to geoscientists working on the Monterey Formation in the southwestern 

San Joaquin basin and may ultimately aid in the overall understanding of how 

accumulation of these siliceous sediments varied between different Neogene basins in 

California. 

Geologic Setting 
 

CMC is located in the foothills of the Temblor Range where Oligocene to 

Miocene strata overlie crystalline Cretaceous rocks (Hudson and White, 1941; Johnson 

and Graham, 2005).  The Temblor Range marks the western boundary of the San Joaquin 

basin and is bound to the west by the northwest-southeast trending San Andreas Fault 

(fig. 1).  Although, CMC is located in a structural high influenced by Temblor Range 

tectonic uplift, it is still considered to be part of the southwestern San Joaquin basin.  
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Figures 2 and 3 are detailed location maps showing the field location with respect to 

proximal oil fields, major roads and nearby towns.  More specifically, CMC is located on 

the Twisselman Ranch in the northern part of the McKittrick quadrangle in Township 

29S, Range 20E.  The Monterey Formation exposure begins to the west in section 9, 

continues eastward across sections 10 and 11 and terminates to the northeast in section 2. 

 

 

FIGURE 2.  Map illustrating the location of Chico Martinez Creek (red star) with respect 
to major oil fields.  

 

The San Joaquin basin, located west of the Sierra Nevada, is an asymmetric 

synclinal depocenter with a gently dipping eastern limb and a more structurally deformed 

steeply dipping western limb (Bartow, 1991).  The basin is located in the southern part of 
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the Great Valley, originally a forearc basin from the Late Mesozoic through Early 

Cenozoic when subduction-related tectonics dominated the California continental margin 

(Dickinson and Seely, 1979).  The sedimentary fill is more than 25,000 feet (>7.6 km) 

thick and provide a record of over 100 million years of local tectonics, eustatiyc and 

global climatic events (Graham and Williams, 1985; Scheirer and Magoon, 2007).  

Jurassic ophiolites underlie this thick succession in the western part of the basin, and  

plutonic and metamorphic rocks, exposed in the Sierra Nevada, serve as basement in the 

east (Bartow, 1991).  The limits of the basin are defined by the San Andreas fault and 

Coast Range system to the west, the Sierra Nevada foothills to the east, the Stockton 

Arch to the north and the San Emigdio Mountains to the south (fig. 1).  

Geologic History and Basin Development 

A series of tectonic events from approximately 29 Ma to 7.5 Ma lead to the development 

of the deep Neogene basins within which Monterey sediments accumulated and 

underwent syn- and post-depositional deformation (Harding, 1976; Blake et al., 1978).  

Cessation of subduction along the California continental margin and the inception of the 

current-day San Andreas fault system began in the Middle Oligocene (29 Ma) during 

which time the East Pacific Rise converged with the North American Plate (Atwater and 

Molnar, 1973; Dickinson and Snyder, 1979).  This collision resulted in a transition from a 

compressional to shear stress regime along the continental margin, with the majority of 

movement occurring along the San Andreas fault (Atwater, 1970).  This transition in 

plate motion was complex and time-transgressive–propagating northwestward and 

southeastward from the initial point of contact at varying rates.  

 Slip along the present-day inboard San Andreas fault system did not begin until  
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the Middle Miocene (16-17 Ma).  This inland migration of transform motion coupled 

with a shift to more westerly-oriented shear along the fault system resulted in a 

transtensional stress regime that lead to Neogene basin development (Blake et al., 1978).  

In the CMC section, this tectonically induced basin subsidence is marked by a shift from 

the shallow-marine sandstone deposits of the Buttonbed Sandstone member of the 

Temblor Formation to the deep-marine hemipelagic sediments of the Monterey 

Formation (Graham and Williams, 1985).  During this time of rapid basin subsidence, 

Monterey deposits filled the San Joaquin basin as northward migration of the Salinian 

block west, of the San Andreas fault further isolated the basin from the Pacific Ocean 

(Graham and Williams, 1985).  

According to Harding (1976), uplift of the Temblor Range–the southernmost 

extent of the California Coastal Ranges–occurred contemporaneously with deposition of 

the Monterey Formation.  This is evidenced by the abundance of growth folds and updip 

thinning in middle Miocene strata (Harding, 1976).  Compared to Miocene deformation, 

Eocene and Oligocene structural deformation is minor and likely associated with the 

inception of strike slip motion in the Middle Oligocene (Harding, 1976).  This 

deformation accelerated in the Late Miocene-Early Pliocene (Mohnian and Delmontian 

stages), when slip rate along the San Andreas fault increased (Harding, 1976).   

Besides being tilted, the Monterey Formation at CMC have undergone relatively 

little structural deformation.  The sediments form a gentle basinward-dipping (40° ENE) 

homoclinal structure with no known faults or unconformities within the Monterey section 

(fig. 4).  As such, this section is ideal for a stratigraphic study, that requires continuity of 

section to determine accurate changes in sediment accumulation rates. 
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Monterey Formation Deposition 

 In addition to tectonic-induced basin subsidence, Monterey Formation deposition 

was controlled by paleoceanographic and climatic events that occurred coeval with 

deposition of strata at the base (17.5 Ma) and top (6 Ma) of the formation (Barron, 1986).  

These events resulted in enhanced biologic productivity of microorganisms along the 

California margin, and, consequent high rates of biomass decomposition resulted in the 

development of oxygen-starved basins, promoting the preservation of organic material 

(Pisciotto and Garrison, 1981).   

 The proportions of different types of planktonic organisms and organic matter that 

were preserved varied throughout the Miocene succession, depending on climate and 

oceanographic conditions.  This resulted in compositional variability on a multitude of 

scales, from laminations to members (Pisciotto and Garrison, 1981).  In general, the 

Monterey can be subdivided into three major stratigraphic depositional facies as defined 

by Pisciotto and Garrison (1981): a basal calcareous facies, a middle phosphatic facies, 

and an upper siliceous facies.  All three facies are present in the Monterey Formation 

members at CMC and include the Gould, Devilwater, McDonald and Antelope Shale 

members (fig. 5).  This facies subdivision occurs in several other Neogene depocenters of 

California including the Santa Barbara, Santa Maria and Salinas basins (Pisciotto and 

Garrison, 1981) 

 Although there are local variations, the three-part facies subdivision of Pisciotto 

and Garrison (1981) is widespread and can be explained by paleoclimatic and 

paleoceanographic events that occurred during the Miocene.  Prior to growth of the East 

Antarctic Ice Sheet, a warm global climate and high sea level dominated from the
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Saucesian to Luisian (20 to 14 Ma) allowing calcareous plankton to thrive (Barron, 

1986). Even though other pelagic sedimentary components are included in this member, 

production and deposition of abundant coccoliths and foraminifera resulted in the 

formation of the basal, distinctly calcareous lithofacies (Pisciotto and Garrison, 1981).  

At CMC the lithology of the Gould, Devilwater and lower McDonald members are 

characteristic of this lower calcareous basinal facies (fig. 6). 

 Deposition of the middle phosphatic facies marks the transition between the lower 

calcareous and upper siliceous facies, approximately 12 to 13 Ma (Pisciotto and Garrison, 

1981).  The combined effects of slow sedimentation rates, prevailing anoxic conditions 

and the convergence of the seafloor with the oxygen minimum zone allowed for 

significant accumulation and preservation of organic and diagenetic phosphatic material 

(Pisciotto and Garrison, 1981).  The phosphatic facies is an important component to the 

 

 

FIGURE 5.  Stratigraphic column of the southern San Joaquin basin trending west to east.  
Modified from Scheirer and Magoon (2007).  Note the sandstone units are colored yellow 
and shale units are green.  
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Monterey Formation petroleum system within the San Joaquin basin, offering the richest 

source potential, with TOC values reaching up to 9.16 weight percent (Graham and 

Williams, 1985).  At CMC, the middle phosphatic member of the Monterey Formation 

corresponds to the McDonald Shale member (fig. 6).  

Oxygen isotope data indicate that global sea-level fell 53-59 meters between 16.5 

and 13.9 Ma at which point 90 percent of the East Antarctic Icesheet had formed marking 

the beginning of a major global cooling event (John et al., 2011).  The resulting positive 

oxygen isotope excursion occurred contemporaneous with an increase in diatom 

productivity and resulted in the formation of the upper siliceous facies (Pisciotto and 

Garrison, 1981; Ingle, 1981; Barron, 1986).  Thick and widespread Miocene 

diatomaceous deposits are not limited to California's Neogene basins, but are present both 

onshore and offshore along the Pacific Rim, supporting the global nature of this event 

(Ingle, 1981).  This global cooling phase resulted in an increase in upwelling along the 

continental margin, which led to an increase in the supply of nutrient-rich water, and 

ultimately enhanced diatom (and other planktonic) productivity.  As diatomaceous 

material accumulated, the eventual decomposition of organic matter starved basins of 

oxygen, resulting in the development of anoxia.  These anoxic conditions subsequently 

allowed for mass preservation of carbonaceous and biosiliceous material.  It has been 

postulated that burial of this abundant organic carbon developed a positive feedback that 

enhanced global cooling (Vincent and Berger, 1985; Mawbey and Lear, 2013).  In CMC, 

the upper informal Antelope Shale member, which is highly siliceous, is characteristic of 

the upper siliceous facies as defined by Pisciotto and Garrison (1981). This siliceous 

member is overlain by the poorly exposed Belridge Diatomite. 
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Westside San Joaquin Basin Stratigraphy 

  The Monterey Formation is predominantly restricted to the central and southwest 

margin of the San Joaquin basin.  It has an average thickness of approximately 5,000 feet 

(1,500 meters) and a maximum known thickness of 10,000 feet (3,000 meters) at CMC 

when including the Belridge Diatomite member (Johnson and Graham, 2004; Scheirer 

and Magoon, 2007; Scheirer, 2013).  The Monterey Formation thins to the north and east 

(fig. 7) as documented by numerous stratigraphic studies that have used both outcrop and 

subsurface well data (Foss and Blaisdell, 1968; Graham and Williams, 1985; Callaway, 

1990; Johnson and Graham, 2004; Scheirer and Magoon, 2007; Scheirer, 2013).   

 Recently, published research has been increasingly focused on understanding the 

relationship between sedimentary units of the San Joaquin basin within a sequence 

stratigraphic framework (Johnson and Graham, 2004).  This is a useful way to make 

chronostratigraphic correlations in basinal strata where coeval, but lithologically distinct 

facies occur in different paleogeographic settings within a depocenter.  During deposition 

of the Monterey Formation, terrigenous sediment was delivered to the San Joaquin basin 

by rivers draining from the ancestral Sierra Nevada–principally the ancient Kern River to 

the east with some input from the Tejon River to the south (Callaway, 1990).  In the Late 

Miocene, northward translation of the Salinian block west of the San Andreas fault both 

isolated the basin from the Pacific Ocean and provided an additional source of coarse 

granitic sands from the west (Graham and Williams, 1985).  Graham and Williams 

(1985) postulate that the Salinian block is the provenance of the Stevens sands, a prolific 

turbidite sandstone reservoir in the upper Antelope Shale member of the Monterey 

Formation on the west side of the San Joaquin basin (fig. 5).  
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	  FIGURE 7.  Thickness of the Monterey Unit in the San Joaquin basin.  Modified from 
Scheirer, 2013.  Red star indicates the location of the Chico Martinez Creek section.  
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In spite of the abundance of sediment entering the San Joaquin basin during the 

Miocene, Monterey Formation depocenters, for the most part, were isolated or had 

reduced terrigenous input.  The bathymetry of the basin during the Miocene consisted of 

structurally isolated silled basins that developed over the ancient forearc basin landscape 

due to San Andreas-related wrench tectonics (Graham and Williams, 1985).  The 

depocenters were starved of clastic input and hemipelagic sedimentation processes 

dominated (Graham and Williams, 1985).  Relative to other Neogene basins located 

farther oceanward, the Monterey Formation in the San Joaquin basin has a higher 

detrital:silica ratio due to the closer proximity of the Sierra Nevada (Graham and 

Williams, 1985).   

A combination of San Andreas-related tectonics and sea-level fluctuations 

resulted in the preservation of several transgressive and regressive cycles within the 

Miocene sediments (Callaway, 1990; Johnson and Graham, 2004).  In order to better 

understand these cycles Johnson and Graham (2004) classified the San Joaquin basin fill 

into 4 distinct lithofacies to assess sequence stratigraphic significance: (1) distal 

deepwater shale and siltstone, (2) sandstone and siltstone of a transgressive systems tract 

(3) shelf and slope sandstones (4) and slope and basin-floor turbidite fan systems.  The 

Monterey is characteristic of the distal deepwater shale facies (fig. 8) and shoals to the 

shelf-and-slope sandstone facies of the Santa Margarita Formation to the northwest 

(Johnson and Graham, 2004).   

The conformable contact between the Buttonbed Sandstone and the overlying 

Gould Shale member (fig. 8) marks a major transition to a trangressive systems tract 

(Callaway, 1990; Johnson and Graham, 2004).  This was followed by a relative lowstand 
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system represented by the deposition of the silty Devilwater Shale, characteristized by 

onlapping deposits with a higher clastic composition (Johnson and Graham, 2004).  The 

overlying McDonald and Antelope Shale members of the Monterey Formation were 

deposited during transgressive and highstand conditions.  During this time, coeval with a 

global sea level highstand, the Monterey Formation reached its maximum eastward 

extent, coeval with a global sea level highstand (Graham and William, 1985; Vail and 

FIGURE 8.	   Chronostratigraphic correlation chart for the west-side San Joaquin Basin 
trending northwest-southeast from Devil’s Den to Chico Martinez Creek.  Below is 
outcrop geology of the southwestern San Joaquin basin illustrating the location of 
Devil’s Den relative to Chico Martinez Creek.  Figure modified from Johnson and 
Graham (2004). 
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Hardenbol, 1979).  Clastic strata overlying the Monterey Formation, and including the 

upper diatomaceous Reef Ridge member of the Monterey Formation, represents a major 

regressive shift, and the ultimate filling of the San Joaquin basin (Graham and Williams, 

1985). 

Monterey Formation Member Ages 

Published numerical ages interpreted for the members of the Monterey Formation 

are based on a variety of sections with a numerical timescale that has evolved over time 

(Foss and Blaisdell, 1968; Graham and Williams, 1985; Scheirer and Margoon, 2007).  

Ages in the San Joaquin basin are based on calcareous nanofossil zones of Bukry (1973, 

1975), Okada and Bukry (1980), and Martini (1970, 1971); planktic foraminiferal zones 

of Berggren and Miller (1989), and Berggren (1972); California benthic foraminiferal 

zones of Kleinpell (1938); and diatom zones of Barron (1981a, 1981b).  The Miocene 

geologic timescale (fig. 9) was constructed using a combination of Barron and Isaacs 

(2001) updated version of the chronostratigraphic framework for the California Miocene 

and McDougall’s California biostratigraphic framework (2007), to which numerical ages 

were assigned based on paleomagnetic reversals that were previously dated. 

The earliest published work to determine ages in the Monterey Formation in the 

CMC section was that of Foss and Blaisdell (1968) and later Graham and Williams 

(1985).  In a more recent regional stratigraphic study, Scheirer and Magoon (2007) 

compiled information from previous studies to give the most up-to-date interpretation of 

unit ages in the San Joaquin basin.  It is important to note that these ages assigned to the 

member, particularly their upper and lower boundaries, are variable throughout the basin 

due to the time-transgressive nature of Monterey Formation deposition (Graham and 
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Williams, 1985).  Furthermore, an added complexity is that the stratigraphic terminology 

has varied over time as well.  Formal rock stratigraphic terms used in this thesis were 

obtained from the geologic names lexicon of the USGS national geologic names 

database.   

 Scheirer and Magoon (2007) combined the Gould and Devilwater Shale members 

into one undifferentiated unit due to difficulty differentiating them in subsurface logs.  

However, Foss and Blaisdell (1968) derived dates for each separate member using 

benthic foraminifera from outcrop.  In the Gould Shale, foraminifers characteristic of 

Kleinpell’s (1938) Siphogenerina branneri zone are Relizian in age and correlate to the 

lower to middle part of the N8 planktonic foraminiferal zone which is between 16.5 and 

15.5 Ma (Scheirer and Magoon, 2007) giving the Gould an average age of 16 Ma.  The 

Gould Shale is conformably underlain by the Buttonbed Sandstone member of the 

Temblor Formation and conformably overlain by the Devilwater Shale member (fig. 5) 

(Foss and Blaisdell, 1968).   

 The age of the Devilwater is well constrained by biostratigraphic zones at both the 

top and the base of the member (Scheirer and Magoon, 2007).  According to Foss and 

Blaisdell (1968), the lower Devilwater Shale member contains foraminifera of Kleinpell's 

(1938) Siphogenerina reedi zone (lower Luisian), whereas the upper part of the section 

contains foraminifera characteristic of the Siphogenerina nuciformis zone (upper 

Luisian).  The Devilwater Shale was therefore deposited between 15.5 to 13.5 Ma 

(Scheirer and Magoon, 2007), and is conformably overlain by the McDonald Shale and 

grades into the Round Mountain Silt to the east (fig. 5) (Foss and Blaisdell, 1968).   

The McDonald Shale member of the Monterey is early Mohnian to late early
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FIGURE 9.  Miocene geologic timescale with combined data from Barron and Isaacs 
(2001) and McDougall (2007). 
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Mohnian in age as determined by Foss and Blaisdell (1968).  The lower McDonald Shale 

has foraminifera characteristic of Kleinpell’s (1938) Bolivina modeloensis zone, which 

correlates to the lower part of the Mohnian Stage.  This zone is correlative with the 

planktonic formaniniferal zones N11 to N12 (13 to 12.5 Ma) according to Bartow’s 

(1992) timescale (Scheirer and Magoon, 2007).  The upper McDonald Shale has benthic 

foraminifera characteristic of the Bolivina modeloensis zone of lower Mohnian Stage.  

This zone correlates to calcareous nannoplankton zones NN9 and CN7, to which Bartow 

(1992) gave a numerical age of 9.5 Ma.  Callaway (1990) correlated the top of the 

McDonald to a slight sea level transgression, which he interpreted to be 10 Ma.  As such, 

the McDonald Shale was deposited from 13.5 to 10 Ma. The McDonald grades into the 

Fruitvale Shale to the east (fig. 5) and the undifferentiated McLure Shale to the north 

(Foss and Blaisdell, 1968).  

Based on benthic foraminifera, the informal Antelope Shale member has fauna 

characteristic of the Kleinpell’s (1938) Mohnian Stage (Graham and Williams, 1985).  A 

commonly identified subsurface log signal known as the “N-marker” is widely 

interpreted to indicate the top of the Antelope and dated to be 6.5 Ma based on 

correlation with benthic foraminiferal fauna (Scheirer and Magoon, 2007).  According to 

Foss and Blaisdell (1968), the Antelope is upper Mohnian on the basis of stratigraphic 

position and benthic foraminifera.  Callaway (1990) placed the member between 

sequence stratigraphic boundaries dated at 10 Ma and 6 Ma.  As such, the Antelope is 

determined to be 10 to 6.5 Ma and grades into the undifferentiated  McLure Shale to the 

north (Scheirer and Magoon, 2007).  

It is important to note that although these ages for the members of the Monterey  
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Formation are widely accepted, the members, likely vary in age across the San Joaquin 

basin due to their time-transgressive nature.  This is particularly true for the top of the 

Antelope where differential Temblor Range uplift and basin subsidence have either 

truncated the Antelope or resulted in deposition of a thicker succession (Graham and 

Williams, 1985).  As such, these dates are not definite and will merely serve as a general 

guide for interpreting ages for the CMC Monterey Formation succession.  In this study, 

ages are assigned to the section strictly on the basis of biostratigraphy but further refined 

by magnetostratigraphy.  

Previous Studies 

Over the past century, CMC has been the site of both academic and industry-

funded proprietary research.  These studies vary in scope and detail from brief field 

guides to more extensive multidisciplinary research efforts.  The section was first 

referenced in published literature in the early 19th century (Gaylord and Hanna, 1924; 

Hanna, 1928; Taff, 1933; Goudkoff, 1934, Simpson and Krueger, 1942), but was not 

intensively studied until the 1970’s when breakthrough research on carbonates, silica 

diagenesis and oxygen geochemistry was published (Murata and Larson, 1975; Murata 

and Randall, 1975; Murata et al., 1977; Friedman and Murata, 1979).  Even 90 years ago 

(Gaylord and Hanna, 1924), the CMC outcrops were recognized as an extraordinarily 

thick and complete stratigraphic succession.  However, many of the publications 

discussed in this chapter were not exclusively conducted at CMC, but rather incorporated 

the section in larger, more regional, studies as a means to understand the lithostratigaphy 

of the Monterey Formation.  The proprietary studies discussed in this chapter were 
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principally biostratigraphic in nature and provided the basis for chronostratigraphic 

correlation of the CMC section described in this thesis.  

Published Literature 

Lithostratigraphy.  The first significant lithostratigraphic characterization of the 

Monterey Formation at CMC was that of Bramlette (1946) in his comprehensive 

overview of siliceous Monterey rocks in California.  In this study, the section was 

measured, briefly described, and compared with other Monterey Formation outcrops in 

an effort to determine stratigraphic relationships throughout California.  Bramlette 

confirmed that the 6,404-foot exposure at CMC was one of the thickest and most well 

exposed sections of Miocene strata in California.  Bramlette subdivided the Monterey 

Formation at this locality into three distinctive members: the McLure Shale (later 

subdivided into the lower formal McDonald and upper informal Antelope Shale 

members), Devilwater Shale and Gould Shale members.  

Woodring, Stewart and Richards (1940) included Bramlette’s measured section 

per communication in their USGS Professional Paper on the geology of the Kettleman 

Hills oil field.  They further subdivided the section into 11 members (10 unnamed 

members and the basal Gould member) and published the first descriptions of the 

Monterey Formation at CMC.  They described the Gould Shale member as a cherty 

calcareous shale, and the Devilwater Shale was characterized as a silty calcareous 

mudstone.  The overlying McDonald and Antelope Shales were described as brown 

calcareous shale and lighter diatomaceous shale.  Bramlette’s section was also cited in 

Dibblee’s (1973) professional paper in which the stratigraphy of the Southern Coast 

Ranges was mapped.  In this publication, the McLure Shale was mapped as one 
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undifferentiated unit due to difficulty in differentiating the McDonald Shale member 

from the Antelope Shale member in the field (Dibblee, 1973).  

In 1968, Foss and Blaisdell published a report on the stratigraphy of the west side 

of the southern San Joaquin Valley.  This paper aimed to serve as a reference guide for 

geologists working in the basin, and for each formation it provided the type locality, 

lithologic characteristics, fauna and age and stratigraphic relationships.  At the time, 

many of the Monterey Formation members were considered informal and there were 

discrepancies in how different geologists and companies lithologically distinguished and 

defined their subdivisions of the Monterey Formation.  Though controversial, this paper 

was to define member boundaries in an effort to establish industry-wide consistency in 

nomenclature.  This was a foundational study that is regularly referenced today when 

discussing stratigraphic nomenclature and ages in the western San Joaquin basin 

(Scheirer and Magoon, 2007).  Many of the stratigraphic relationships and contacts 

illustrated in Figure 5 are based on this study.  

Williams (1982) published a study that identified nine distinctive lithologies 

within the Monterey Formation on the basis of outcrop exposures: diatomite and 

diatomaceous shales, porcelanite, siliceous shales and siliceous mudstones; mat-

laminated sediments, clay shales and claystones, chert, dolomite, calcareous siliceous 

sediments, and siltstones and fine-grained sandstones.  Her classification scheme was 

based on field observations, thin sections and Scanning Electron Microscopy (SEM) 

analysis, and was in part based on previous work by Isaacs (1981).  Williams also 

evaluated how these lithogies vary laterally across the San Joaquin basin.  

Graham and Williams (1985) combined lithostratigraphy and biostratigraphy from 
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outcrops, cores and well logs to understand the depositional and diagenetic history of the 

Monterey Formation in the San Joaquin basin.  They showed with the stratigraphic cross 

sections that the Monterey Formation is predominantly a north-south trending body 

surrounded by siliciclastics strata.  In general, the Monterey thickens to the south and 

west, but abruptly terminates along the western margin of the San Joaquin basin due to 

tectonic uplift along the San Andreas fault.  Intraformational correlation by well log 

characteristics and paleontologic makers demonstrated the top of the Monterey Formation 

was time-transgressive.   

Graham and Williams (1985) further documented the increasingly terrestrial 

character of organic matter content in the northern and eastern areas of the basin, 

compared to the marine kerogens that are more prevalent along the western margin of the 

basin.  This provided insight into the basins overall architecture and sediment distribution 

patterns, and demonstrated that the basinal depositional environment in the western San 

Joaquin basin shallowed to shelfal environments in the north and east.  

Field Guides.  The first field guide for CMC was published by the San Joaquin 

Geologic Society guidebook in 1959 (McMichael).  In 1968, a Pacific Section AAPG 

guidebook featuring the geology and oil fields in the southwestern San Joaquin basin 

included multiple stops at the CMC exposures (Karp, Elliott and Young).  In 1990, 

Williams published the most comprehensive field guide in which distinctive lithologies, 

diagenetic boundaries and geomorphic features were described throughout the section.  

Unpublished Proprietary Reports 

Additional important work at CMC has not been published because of its 

proprietary nature, but has become available for this thesis.  Although the company 
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reports were not externally peer reviewed, they contain data that is highly relevant and 

valuable for this research effort.  

Shell Oil (1937).  In 1937, Shell Oil completed a detailed paleontologic study in 

which approximately two miles of trenches were excavated along the ridges lining the 

creek to achieve full exposure (fig. 10).  The lithology was described and benthic 

foraminifera were sampled in 10-foot increments.  The Monterey Formation was 

measured to be 6,970 stratigraphic feet thick and was compared to that obtained in 

previous studies (figs. 10 and 11).   

Unocal (1986).  In 1986, Unocal conducted a multidisciplinary stratigraphic study 

that incorporated paleontologic data, geochemistry (x-ray diffraction) and total gamma 

ray data to lithostratigraphically characterize the section and provide age control for 

subsurface correlation (Heitman, 1986).  Sediment accumulation rates were determined 

using key biostratigraphic horizons, and subsurface correlations were made using the 

surface gamma ray data.  Samples and data used in this study were collected along creek 

exposures (fig. 12).  Using these transects, the section was measured to be 5,615 feet 

thick (fig. 11). The Unocal study also includes organic carbon/carbonate and Rock-Eval 

analyses. 

In this study, 376 stratigraphic levels were sampled for calcareous nanofossils, 

siliceous microfossils and benthic foraminifera.  Fresh samples were collected with a 

gasoline-powered augur equipped with a five-foot long drill bit where exposure permitted 

and brief lithologic descriptions were noted between sample localities.  Biostratigraphic 

correlations were based on Kleinpell (1938), Okada and Bukry (1980), and Barron 

(1981).  In addition, gamma-ray measurements were collected every five stratigraphic 
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feet by Cedar Strat–a third party consultant out of Ely, Nevada.  These reading are stated 

to be accurate to (plus or minus) 10 counts per second and didn’t include a spectral 

gamma breakdown of uranium, potassium and thorium energy levels.   
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FIGURE 11.  Measured sections from previous studies conducted at Chico Martinez 
Creek. 
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CHAPTER 2 
 

METHODOLOGY 
 

Data Collection  
 
Locations of Data Acquisition  
 

Historically, studies conducted in the CMC section have been restricted to 

exposed outcrop along the creek where the majority of the Monterey Formation is 

covered by colluvium and vegetation.  In 1937, however, Shell conducted a 

micropaleontological study, which employed trench excavation along ridges flanking the 

creek as a means to maximize exposure (fig. 10).  Since that time, the 2-foot wide by 3-

foot deep trenches were either backfilled or naturally infilled with sediment.  For the 

purposes of acquiring more complete data, a series of these trenches were re-excavated 

by Golden Construction & Excavation using a 420D loader backhoe with a 24-inch 

bucket.  Most of the trenches could not be reopened due to their location on government 

owned BLM property, where surface land disruption is prohibited without an extensive 

review and environmental assessment procedure.  Where the original Shell Oil trenches 

were on BLM land, either new laterally offset trenches were excavated, or data were 

collected from exposures along the creek (fig. 13).  Re-excavated Shell trenches include 

T1, T2, T3, T4, T6 and T7, whereas T5, T8 and T9 are new trenched sections.  New 

trenches were oriented perpendicular to strike, except where rugged and steep terrain did 

not permit. 
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In total, 2,440 stratigraphic feet (731 meters) of trenches were either re-excavated 

or newly unearthed, and 1,220 stratigraphic feet (366 meters) of section were measured in 

outcrop (fig. 13).  The lengths of the covered intervals between trenched and exposed 

strata were calculated using the trigometric function: stratigraphic thickness = sin (dip 

angle)×(outcrop width).  The dip was assumed to be an average value between the two 

bounding exposed sections, and outcrop width was measured on satellite images in a 

direction perpendicular to strike.  In total, 2,352 feet (717 meters) of the Monterey 

Formation were inaccessible, approximately 40 percent of the section.  Measurements are 

presented in feet in order to compare the CMC section with subsurface well data.  

Handheld Spectral Gamma-Ray Data 

Spectral Gamma-Ray data were collected using a portable handheld BGO Super 

Spec RS 230 scintillometer in order to facilitate correlation with subsurface successions 

and to determine uranium, thorium and potassium content at Chico Martinez Creek.  

Measurements were collected in two-foot stratigraphic intervals because the resolution 

best approximates that of subsurface logs (typically 0.5-1-foot).  The stratigraphic 

thickness between sampling stations was measured with a Jacob’s staff.   

Measurements were taken in a standardized and consistent manner in order to 

minimize error and produce accurate and meaningful data.  Each measurement was 

collected with the instrument oriented parallel to the dip azimuth with an assay time of 3 

minutes per station.  Average count rate is directly proportional to the amount of 

radioactive isotopes in the formation (Ward, 1982) and the volume of rock sampled.  The 

3-minute sampling interval allowed the machine to detect more counts, resulting in a 

more accurate measurement.  Three consecutive 3-minute measurements were collected 
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at a discrete sampling station each day to calculate instrumentation error.  During the 

duration of this study the calculated error associated with uranium, thorium and 

potassium was determined to be 7.4, 11.4 and 10.2 percent, respectively.  The 

measurement error was calculated using the following formula: [(average of the 2 

additional measurements – actual measurement) ÷ (actual measurement)] × 100.  Total 

gamma-ray (API) was derived from the uranium, thorium and potassium data using the 

following formula: total gamma = [8×uranium(ppm) + 4×thorium(ppm) + 

16×potassium(%)] (Ellis, 1987).  

The spectral breakdown of gamma-ray data into uranium, thorium and potassium 

is a powerful tool that can provide insight into rock composition (Schwalbach and 

Bohacs, 1996).  Potassium (largely present in clays, micas, and feldspars) serves as a 

proxy for detrital content because it is directly related to aluminum based on the equation: 

Al2O3(%) = 5.38 × K2O(%) + 0.16 in the Monterey Formation of the Pismo basin 

(Schwalbach and Bohacs, 1992).  Thorium is also related to aluminum content with the 

exception of tephra horizons where spikes in thorium are attributed to high radioactivity 

rather than abundant aluminosilicate detritus.  Uranium is indicative of organic content, 

which is present in high concentrations due to anoxic conditions and low rates of 

sedimentation.   

 In an effort to fill covered intervals of missing gamma ray data, the gamma-ray 

profile from Chico Martinez Creek was correlated with well USL 57-11, located 

approximately 1,500 feet (457 meters) to the south (fig. 14).  Because the well logs only 

start in the lower Antelope Shale, gaps in the upper ~2200’ (671 meters) in the CMC 

section could not be filled.  AnalySeries 2.0 was used for correlation and data from USL 



	  
35 

57-11 were spliced between tie points bounding covered intervals (fig. 15).  Prior to 

splicing the interpreted data into the CMC section, the values were first normalized by 

subtracting the mean total API from each discrete data point and dividing by the standard 

deviation.  The mean total API from CMC was then added to the normalized subsurface 

data and multiplied by the standard deviation of the CMC data.  This normalization 

process adjusts for variations in values between the two datasets caused by differences in 

instrumentation and data acquisition techniques and conditions.  It also corrects for any 

natural variation in gamma-ray values that may occur between the subsurface and the 

weathered surface outcrop.  The newly spliced values increased the gamma-ray profile 

from encompassing only approximately 60 % coverage of the section, to approximately 

80 % coverage (Fig. 16), leaving gaps only in the uppermost sections of the Antelope 

Shale.   

Lithologic Descriptions 
 
 Lithology was documented at every 2-foot spectral gamma-ray station.  Samples 

were collected every 10 feet and packaged into 30-foot composite samples for 

microscope analysis.  These lithologic data, along with the spectral gamma-ray data were 

then logged in five-foot intervals using mudlogging software (Plate 1).  The log was 

generated using a combination of the field-documented lithology and laboratory 

reflected-light microscope analysis.  Microscope analysis allowed for more accurate 

determination of physical and chemical rock properties such as: color, hardness, luster, 

texture, carbonate content and composition of visible grains.  Lithology, detailed sample 

descriptions, member contacts, and total and spectral gamma ray data are documented in 

detail in Plate 1 (i.e., the mudlog).  
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FIGURE 16.  Total gamma-ray curve before (left) and after (right) splicing 
data from USL 57-11.  
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Integration of Biostratigraphy Data 
 

Key biostratigraphic horizons were integrated into the measured trench and 

outcrop sections from the proprietary Unocal (Heitman, 1986) and Shell Oil (Bell, 1937) 

studies.  The Unocal study provided biostratigraphic data for calcareous nanofossils, 

diatoms and benthic foraminifera; the Shell study provided biostratigraphic data for 

benthic foraminifera.  The disparity in data between these two studies can be attributed to 

their different vintages because it wasn’t until the 1970s and 1980s that published 

research made coccolith and diatom biostratigraphy a reliable tool for correlation.  

Numerical dates for the biostratigraphic horizons are taken from Barron and Isaacs 

(2001).  

Paleomagnetic Core Collection and Processing 
 

 Paleomagnetic cores were collected from 33 unaltered dolostone beds in the 

McDonald Shale member of the Monterey Formation in order to obtain additional age 

control in this poorly dated section.  The cores were acquired from prominent dolostones 

exposed along the creek and northern ridge by Jonathan Guillaume using a gasoline 

powered diamond-tipped drill (fig. 17).  He later analyzed the cores at Occidental College 

Paleomagnetism Lab facilities using a 2G Cryogenic Magnetometer.  The cores were 

oriented during collection in the field using a nonmagnetic orienting sleeve and the in situ 

bedding attitude was measured and used to calculate tilt-corrected directions.  The 

sampled dolostones were later tied into the trenched intervals by stratigraphic correlation.  

A stratigraphic column was generated for both the creek-ridge and trenched sections from 

the base of the McDonald Shale, and dolostones were correlated based on similar 

stratigraphic distance from this contact.  
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X-ray Diffraction and Fourier Transform Infrared Spectroscopy 

 A Rigaku MiniFlex X-ray diffractometer and PANalytical X’Pert Highscore Plus 

software were used to identify the mineralogic composition of 10 discrete samples.  

Based on peak position and intensity, the presence of minerals was qualitatively assessed 

as either a major or minor component.  Bruker Alpha Diamond Attenuated Total 

Reflection device was used for FTIR analysis, and Bruker’s Opus software was used for 

data interpretation.  FTIR was used to quantitatively detect the presence of minerals not 

easily detected or quantified using XRD, specifically clays.  

Total Organic Carbon (TOC) 

 An average Total Organic Carbon (TOC) value was calculated for the Gould, 

Devilwater, McDonald and Antelope Shale members using the following formula: TOC 

(weight %) = 0.75× U (ppm) - 3.63.  This formula was generated by Schwalbach and 

Bohacs (1996) based on based on graphic correlation of empirical TOC (weight %) and 

uranium (ppm) data from Naples Beach, California.  

Subsurface Correlation 

 The total gamma-ray profile from CMC was correlated to two wells: 51X-33 ST, 

located 4.5 miles to the northeast, and Bacon #1, located 3.5 miles due north, in order to 

assess variation in stratigraphic thickness (Fig. 18).  These locations were chosen as tie 

points because they likely lie within the same paleodepocenter as the CMC section, and 

the stratigraphic thicknesses in the wells have not been structurally compromised.   51X-

33ST was converted to true stratigraphic thickness (TST) by incorporating directional 

survey and dipmeter data in the following formula: TST = MT × (cosψ – sinψ × cosα 

tanϕ) × cosϕ, where MT is measured thickness, ψ is borehole inclination from vertical, α
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is the dip azimuth minus the borehole azimuth, and ϕ is the dip (Tearpock and Bischke, 

1991).  No dipmeter or directional survey data were available for Bacon #1, however, this 

well is considered to be a relatively vertical hole with a regional dip of 40 degrees (pers. 

commu. Aera Energy).  
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CHAPTER 3 
 

RESULTS 
 

 Based on a detailed lithostratigraphic investigation of the CMC section using a 

combination of field and microscope analysis, XRD (x-ray diffraction) and FTIR (Fourier 

transform infrared spectroscopy), and spectral gamma-ray data, the Monterey Formation 

has been subdivided into 7 distinctive lithofacies.  In ascending order, these are 

calcareous porcelanite, calcareous silty claystone, phosphatic shale, calcareous siliceous 

shale, siliceous shale, arkosic sandstone, and porcelanite and chert.  These distinctive 

lithofacies are briefly described in this section; detailed descriptions are in Plate 1 (i.e., 

the mudlog).  Linear sediment accumulation rates were determined based on 5 

biostratigraphic horizons and 6 paleomagnetic ages.  Finally, subsurface correlations 

were made using the total gramma-ray profile from CMC to 51X-33 ST, located 4.5 

miles to the northeast and Bacon #1, located 3.5 miles to the north.   

Lithostratigraphic Characterization  

Gould Shale 

 The Gould Shale member of the Monterey Formation is estimated to be 432 feet 

thick with approximately 208 feet covered (52 % exposure).  Its contact with the 

underlying Buttonbed Sandstone member of the Temblor Formation is sharp and marks 

an abrupt change from clastic to hemipelagic facies (figs. 19 and 20, Plate 1).  The Gould 

Shale consists predominantly of calcareous shale and mudstone, but is distinguished from 
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FIGURE 21.  Generalized lithologic weathering profile with total gamma ray profile and 
distinctive lithofacies at Chico Martinez Creek.  Number-designated arrows are the 
stratigraphic locations for the 10 XRD and FTIR samples
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FIGURE 22.  Generalized lithologic weathering profile with spectral gamma ray profile including 
uranium (ppm), thorium (ppm) and potassium (%) and the distinctive lithofacies at Chico Martinez 
Creek.  
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the other Monterey Formation members by the abundance of calcareous porcelanite 

 (figs. 21 and 22).  This member is highly calcareous overall with abundant microfossil 

molds.  Although also siliceous, the section alternates between thin-bedded, clay-rich 

intervals and thin to medium-bedded, siliceous zones with local highly fractured chert 

beds (fig. 23).  Siliceous, one to two-foot-thick dolostone beds are common throughout 

the section.  Based on XRD and FTIR analysis, the porcelanite is quartz phase (Table 1).      

Average uranium, thorium, potassium and total gamma-ray values are 7.0 (ppm), 5.1 

(ppm), 1.1 (%) and 81.9 API, respectively (Table 2), and the average calculated TOC 

(weight %) for this member is 1.3.   

 

 

FIGURE 23.  Typical Gould Shale lithofacies.  Thicker blocky calcareous porcelanite 
beds interbedded with less competent siliceous shale. 	  
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Devilwater Shale 

 The Devilwater Shale member of the Monterey Formation is estimated to be 802 

feet thick with approximately 560 feet covered (30 % exposure).  Its contact with the 

underlying Gould Shale is transitional and is defined by a shift from dense dark 

yellowish-orange siliceous strata to light bluish-gray silty shale (figs. 21, 22 and 24, Plate 

1).  Overall there is an increase in clastic detritus in this interval, which is dominantly 

silty, becoming slightly sandy locally.  A shift in rock competency due to the decrease in 

silica content is expressed in the geomorphology of the landscape, which abruptly 

changes from hilly to highly eroded flat topography (fig. 20).  The base of the Devilwater 

Shale is composed of calcareous silty claystone with an increase in clay content up 

 

	  

FIGURE 24.  Typical calcareous silty claystone lithofacies.  Note blocky to conchoidal 
fracture pattern without distinct bedding. 
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TABLE 1.  Composition of Spot Samples within Lithologic Intervals Based on XRD    
(X-ray diffraction) and FTIR (Fourier transform infrared spectroscopy) Analysis. 

Lithofacies (sample depth) Composition Interpretation 
Chert and Porcelanite (5732’) Major: tridymite and cristobalite Opal-CT chert and porcelanite 

Arkosic Arenite (5302’) 
Major: detrital quartz 
Minor: anorthite, microcline, 
illite, tridymite and cristobalite 

Opal-CT porcelanite with 
sandstone lenses. Sandstone is a 
arkosic arenite with an illite 
clay matrix  

Siliceous Shale  
(4202’, 3412’, 2852’, 2552’) 
 

Major: tridymite and cristobalite 
Minor: quartz, minor illite content 
at 2852’ and 2552’ 

Opal-CT siliceous shale with 
minor detrital quartz grains 

Calcareous Siliceous Shale  
(2142’) 

Major: quartz 
Minor: tridymite, cristobalite and 
illite 

Mostly quartz phase siliceous 
shale with illite clays. Minor 
opal-CT siliceous shale. 

Phosphatic Shale  
(1352’) 

Major: quartz 
Minor: illite 

Mostly quartz phase siliceous 
shale with illitic clays  

Calcareous Silty Shale (722’) Major: illite 
Minor: muscovite and quartz 

Illite-rich claystone with minor 
detrital quartz and muscovite 

Calcareous Porcelanite  
(52’) Major: quartz Quartz porcelanite 

 

 

 

TABLE 2.  Average Uranium, Thorium, Potassium and Total Gamma-ray Values in 
Distinct Lithologic Intervals 

Lithofacies Average Uranium 
(ppm) 

Average Thorium 
(ppm) 

Average Potassium 
(%) 

Average Total 
Gamma (API) 

Porcelanite and 
Chert 7.8 5.5 0.9 99.9 

Arkosic Arenite  7.5 6.1 1.2 102.9 
Siliceous Shale 12.9 5.9 0.8 140.2 
Calcareous 
Siliceous Shale 12.5 6.2 0.9 139.7 

Phosphatic Shale 14.3 8.9 1.2 169.0 
Calcareous Silty 
Claystone 6.6 10.4 1.5 118.5 

Calcareous 
Porcelanite 6.7 5.2 1.1 81.9 
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section.  The claystone alternates between non-calcareous and highly calcareous 

intervals, but the overall lithology of is fairly homogenous.  One to two-foot-thick 

dolostone beds are common at the base of the section, becoming less common towards 

the top. XRD and FTIR analysis indicate mostly illite, with minor detrital quartz and 

muscovite (Table 1).  Average uranium, thorium, potassium and total gamma-ray values 

are 6.6 (ppm), 10.4 (ppm), 1.5 (%) and 118.5, respectively (Table 2), and the average 

calculated TOC (weight %) for this member is 1.3.  

McDonald Shale 

The McDonald Shale member of the Monterey Formation is estimated to be 1350 

feet thick with approximately 228 feet covered (83 % exposure), making it the most 

completely described section in CMC.  Its contact with the underlying Devilwater Shale 

is transitional and is defined by a shift from silty claystone to phosphatic shale (figs. 21 

and 22, Plate 1).  The contact is easily identified in the field by an abrupt change in slope 

from an eroded ravine to highly resistant ridge (fig. 20).  The shift from light green to 

dark green vegetation also defines this boundary.  The McDonald Shale is subdivided 

into two intervals based on distinctive lithology: the lower phosphatic shale and the upper 

calcareous siliceous shale (figs. 21 and 22).  The average calculated TOC (weight %) for 

this member is 6.1, the highest in the CMC section.  

Phosphatic shale lithofacies.  This 430-foot interval is organic-rich with abundant 

carbonate-fluorapatite nodules.  Nodules range in size from small mm-scale white 

irregular blebs along bedding planes to large cm-scale pinkish-white features (fig. 25).  

This interval is characteristically darker in color and more dense than the overlying unit 

in the McDonald which is characteristically more siliceous.  Evenly spaced, almost 
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cyclic, one to two-foot-thick dolostone beds occur throughout this section.  XRD and 

FTIR analysis indicate quartz phase siliceous shale with an illitic clay (Table 1), a 

common intercalated lithology.  Average uranium, thorium, potassium and total gamma-

ray values are 14.3 (ppm), 8.9 (ppm), 1.2 (%) and 169.0 API, respectively (Table 2). 

 

	  

FIGURE 25.  Typical phosphatic shale lithofacies.   

	  
	  
 Calcareous siliceous shale lithofacies.  The upper 920 feet of the McDonald Shale 

member is defined by a transition from dark yellowish-brown phosphatic shale to light 

yellowish brown calcareous-siliceous shale with a distinct increase in silica content.  This 

section alternates between calcareous-siliceous shale and non-calcareous siliceous shale 

at a scale of 1 inch to several feet, with discrete laminations being distinctly more 

calcareous in some intervals.  Microfossil molds are easily visible with a hand lens in 

calcareous intervals.  In comparison to the lower phosphatic lithofacies, dolostone beds 

are less frequent.  This interval becomes increasingly siliceous towards the top with 
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common 1-inch porcelanite beds becoming more abundant, ultimately grading at its top 

into the Antelope Shale. Average uranium, thorium, potassium and total gamma ray 

values are 12.5 (ppm), 6.2 (ppm), 0.9 (%) and 139.7 API, respectively (Table 2).   

Antelope Shale 

The Antelope Shale member of the Monterey Formation is estimated to be 3428 

feet thick with approximately 1310 feet covered (62 % exposure).  Its contact with the 

underlying McDonald Shale is very gradational and is defined by a gradual shift to 

increasingly siliceous facies over approximately 900 feet.  The contact was placed 2586 

feet from the base of the section in conjunction with an abrupt increase in uranium values 

(figs. 21 and 22) that also marks the top of the organic-rich McDonald Shale in the 

subsurface gamma-ray profile from 51X-33 ST and Bacon #1 wells.  Gaps in data could 

not be filled from the nearby well USL 57-11 (figs. 14 and 16) for the majority of the 

Antelope Shale because the well did not penetrate this upper interval.  The Antelope 

Shale is subdivided into three stratigraphic intervals based on distinctive lithofacies: 

lower siliceous shale, middle arkosic sandstone and upper porcelanite and chert (figs. 21 

and 22).  The average calculated TOC (weight %) for this member is 5.0. 

 Siliceous shale lithofacies.  This lower 2676-foot interval of the Antelope Shale is 

predominantly composed of siliceous shale and is fairly homogenous throughout the 

section with limited and very localized porcelanite beds and rare cherty intervals (fig. 

26).  It is the thickest distinctive lithofacies in the entire CMC succession (figs. 21 and 

22).  The siliceous shale facies is overall lighter in color than the lower McDonald Shale, 

varying from dark yellowish brown to pale yellowish brown.  Across this 900-foot 

transition zone, there is also an apparent decrease in bulk density likely associated with 
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FIGURE 26.  Typical siliceous shale lithofacies. 

 

increased porosity or a change in bulk silica phase.  This interval is generally non-

calcareous, becoming only slightly calcareous in limited strata.  The section alternates 

from light-colored, highly siliceous shale (almost porcelanite) to darker, detrital-rich 

siliceous shale.  Dolostone beds are less common in this section than in the underlying 

McDonald Shale, averaging approximately 1 bed every 50 to 100 feet.  XRD and FTIR 

indicate opal-CT phase siliceous shale with minor detrital quartz grains and greater illite 

clay content lower in the section (Table12).  Average uranium, thorium, potassium and 

total gamma ray values are 12.9 (ppm), 5.9 (ppm), 0.9 (%) and 140.2 API, respectively 

(Table 2).   

Arkosic sandstone.  This upper 230-foot interval is characterized by an abundance 

of thin arkosic sandstone beds and laminations, and is the coarsest clastic-rich interval in  
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CMC.  Although the most characteristic feature, the sandstone comprises only about 20% 

of the interval, and it is intercalated with the predominant lithologies – siliceous shale and 

porcelanite.  The section alternates between 6 to 8-inch siliceous shale beds, 1 to 3-inch 

porcelanite beds and very localized 1 to 2-inch chert beds.  Sandstone is present as both 1 

to 2-inch thick continuous thin beds and ½-inch thick (cm-scale) continuous laminations 

and is mostly composed of quartz and feldspar with minor muscovite and undifferentiated 

lithic grains (fig. 27).  Individual sand grains are predominantly fine to very fine-grained, 

and are subangular to subrounded.  The sandstones are typically moderately sorted and 

are grain-supported.  Sandstones typically have point and long grain contacts and are only 

lightly compacted and easily friable.  Based on XRD and FTIR analysis, the fine-grained 

 

	  

FIGURE 27.  Typical arkosic arenite sandstone lithofacies. Photo on the left illustrates a 
discontinuous sandstone lens; the photo on the right illustrates a thin planar bed of 
sandstone between siliceous shale.  
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components of this lithofacies are composed of opal- CT phase porcelanite and 

mudrocks, and sandstone is mostly composed of quartz and feldspar with a minor illite 

clay matrix (Table 1).  Average uranium, thorium, potassium and total gamma-ray values 

are 7.5(ppm), 6.1 (ppm), 1.2 (%), and 102.9 API respectively (Table 2). 

Porcelanite and chert.  This upper 522-foot interval is characterized by a high 

silica content and is dominantly composed of chert and porcelanite.  A interval 178 feet 

thick is especially chert-rich, and was referred to as the Chico Martinez Cherts (CMC)	  by 

Foss and Blaisdell (1968), Dibblee (1973), Graham and Williams (1985), and Heitman 

(1986) (figs. 21 and 22).  Individual chert beds are 1 to 6 inches thick and are interbedded 

with less fractured porcelanite and shale (fig. 28).  Sandstone and siltstone lenses are 

relatively rare, and dolostones are mostly present as discontinuous nodules and beds. 

 

 

FIGURE 28.  Typical porcelanite and chert lithofacies.  Note the presence of highly 
fractured cherts interbedded with more massive porcelanite beds. 
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XRD and FTIR analysis indicates that the cherts and porcelanites are composed of opal-

CT phase silica (Table 1).  Average uranium, thorium, potassium and total gamma-ray 

values are 6.7 (ppm), 5.2 (ppm), 1.1 (%), and 81.9 API, respectively (Table 2).   

Chronostratigraphy 

Biostratigraphic Ages 

Benthic foraminifera are prolific in the lower Gould, Devilwater and McDonald 

Shale members, and siliceous diatoms are sporadically preserved in the upper Antelope 

Shale member (Heitman, 1986) with most having been destroyed by burial diagenesis.  In 

addition, calcareous nanofossils occur sporadically through the lower calcareous Gould 

and Devilwater Shales, but they yield inadequate biostratigraphic control (Heitman, 

1986).  On the basis of benthic foraminiferal and diatom biostratigraphy from the Unocal 

(Heitman, 1986) and Shell (Bell, 1937) studies, four distinct biostratigraphic horizons, A, 

B, C and D, were identified in the CMC section (fig. 29).  Biostratigraphic intervals are 

based on the siliceous diatom zones of Barron (1981a, 1981b) and benthic foraminiferal 

stages of Kleinpell (1938), and numerical ages were assigned ages based on Barron and 

Isaacs (2001) chronostratigraphic framework (fig. 30).   

Both the Unocal and Shell studies were unable to provide age control for the base 

of the Monterey; therefore, an age of 16 Ma is assigned based on the literature (Scheirer 

Magoon, 2007).  This age was derived from Foss and Blaisdell’s 1968 study in which 

Relizian foraminifers of the Siphogenerina branneri zone were reported in the Gould 

Shale.  According to Bartow (1992), this zone is equivalent to the lower to middle part of 

the N8 planktonic foraminiferal zone (16.5 to 15.5 Ma).  Thus the base of the Monterey is 

assigned an approximate age of 16 Ma. 
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FIGURE 30.  Correlation of biostratigraphic datums identified in the Chico 
Martinez Creek section with ages of zones from Barron and Isaacs (2001). 
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The following 4 horizons mark the top of formaniferal stages and diatom zones 

and thus provide the youngest ages of these zones.  Horizon A marks the Mohnian-

Luisian Stage boundary and is the most clearly defined benthic forminiferal horizon in 

the CMC section with a large abundance of diverse species in the Gould Shale member 

followed by an abrupt extinction of many species in the lower McDonald Shale (fig. 29).  

This horizon is clearly identified in the studies conducted by Unocal and Shell, but the 

Shell horizon was most easily integrated into this study because it was identified in the 

area of the re-excavated trenches.  The Mohnian-Luisian boundary was placed 1418 feet 

from the base of the section, just above the base of the McDonald Shale and is assigned 

an age of 13.5 Ma (fig. 30).  

Horizons B, C and D are boundaries of diatom zones identified by Unocal 

(Heitman, 1986) and were directly integrated into the section measured along the creek 

(Fig. 25). The top of diatom zones Denticulopsis hustedtii-Denticulposis lauta (c), 

Denticulopsis hustedtii-Denticulposis lauta (d) and Denticulopsis hustedtii were placed 

3774, 4510 and 5254 feet from the base of the section and assigned ages of 9.9, 9.2 and 

8.5 Ma, respectively (fig. 30).   No age was determined for the top of the Monterey due to 

the lack of biostratigraphic control.  This inability to assign an age to the top of the 

Antelope is a common problem in the San Joaquin basin where diagenetic alteration of 

diatoms makes microfossil identification nearly impossible (Graham and Williams, 

1985).  This is further complicated by the time-trangressive nature of the top of the 

Antelope, which varies significantly in age from one part of the basin to another (Graham 

and Williams, 1985).  According to Scheirer and Magoon (2007), the top of the Antelope 

can be generally placed at 6.5 Ma in the San Joaquin basin; however, the 8.5 Ma datum 
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(Horizon A) positioned only 358 feet below the top of the section suggests the top of the 

Antelope is likely closer to 8 Ma at CMC.  

Paleomagnetic Ages 

 Of the 33 dolostone beds drilled in the McDonald Shale, 18 were determined to 

retain normal polarity, 9 reversed polarity, and 6 were indeterminate (fig. 31).  

Biostratigraphic horizon A (defined by the Luisian-Mohnian benthic stage boundary) and 

horizon B (defined by the top of diatom zone Denticulopsis hustedtii-Denticulopsis lauta 

subzone c) were used to provide age control for these paleomagnetic reversals.  To a 

major extent, paleomagnetic age assignment is highly interpretive because long gaps in 

time are not accounted for between dolostone samples and data resolution is limited to 

the presence and frequency of dolostone beds.  Conservative age estimates that assumed 

relatively constant sedimentation rates were used to assign dolostones to normal and 

reversed polarity intervals within chrons.  This is demonstrated in Figure 31 by the 

approximately equivalent slope of the lines that tie the dolostones to the geologic 

timescale. 

Sediment Accumulation Rates 

 Linear sediment accumulation rates were calculated as the slope between 

biostratigraphic and magnetostratigraphic datums (fig. 32).  The Gould and Devilwater 

Shales are constrained by only two datums, which yield a combined sedimentation rate of 

approximately 585 ft/Myr (178 m/Myr).  On average, the sediment accumulation rate in 

the McDonald Shale is 335 ft/Myr (102 m/Myr), nearly half the rate of the underlying 

section.  The sediment accumulation rate in the Antelope Shale is by far the greatest at 

approximately 1900 ft/Myr (579 m/Myr), on average.  
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FIGURE 31.  Correlation of paleomagnetic data derived from dolostones to the geologic 
timescale of Barron and Isaacs (2001).  
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FIGURE 32 Sediment accumulation curve based on biostratigraphic (red circles) and 
magnetostratigraphic (blue circles) datums.  Note the large increase in sedimentation rate 
between the McDonald and overlying Antelope Shale.  

	  
	  

Subsurface Correlation  

Gamma-ray logs from both 51X-33 ST and Bacon #1 wells were hung on a datum 

at the top of the McDonald, which is defined by a sharp total gamma-ray increase (figs. 

21 and 22).  This gamma ray signature proved to be one of the most useful tools for 

correlation between the CMC section and the subsurface well data.  Additionally, the 
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identification of the Luisian-Mohnian boundary in 51X-33 ST enhanced correlation to the 

northeast. 

From CMC to 51X-33 ST, located 4.5 miles to the northeast, member thicknesses 

decrease with the exception of the Devilwater Shale (fig. 33).  The Gould Shale thins 

from 432 feet in CMC to 374 feet to the northeast.  The Devilwater Shale thickens 

slightly from 802 feet to 929 feet to the northeast.  The McDonald and Antelope Shales 

decrease in thickness from the southwest to northeast from 1350 and 3428 feet, to 1100 

and 2747 feet, respectively.  Overall, there is a decrease in Monterey thickness of 862 

feet from CMC to 51X-33 ST to the northwest.  

From CMC to Bacon #1, located 3.5 miles to the north, the Monterey increases in 

thickness overall by 107 feet (fig. 34).  Both the Gould and McDonald Shale members 

decrease in thickness to the north, while the Devilwater and Antelope Shales increase in 

thickness.  The Gould Shale thins from 432 to 345 feet and the McDonald decreases in 

thickness from 1350 to 1089 feet.  The Devilwater and Antelope Shales increase in 

thickness from the south to north from 802 and 3428 feet, to 1008 and 3677 feet, 

respectively.  

In summary, the Monterey thins slightly to the northeast and thickens to the north. 

At 432 and 1350 feet, respectively, the Gould and McDonald Shale members reach their 

maximum thickness at CMC, while the Devilwater and Antelope Shales reach their 

maximum thickness to the north at Bacon #1.  Despite minor thickness variations within 

members, the overall Monterey Formation maintains its thickness 3.5 miles north and 4.5 

miles northeast.  This is expected because the wells have very little deviation in dip angle 

from the CMC section and there were no obvious folds or faults in either subsurface.
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FIGURE 33.  Correlation of the Chico Martinez Creek section to well Bacon #1.  
Thick blue dashed lines illustrate correlation of Monterey members and thin black 
dashed lines illustrate inter-member correlations.  
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FIGURE 34.  Correlation of the Chico Martinez Creek section to well 51X-33 ST.  
Thick blue dashed lines illustrate correlation of Monterey members, thin black 
dashed lines illustrate inter-member correlations and the solid red line demarks the 
Luisian/Mohnian boundary.  
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section.  Furthermore, there was no biostratigraphic evidence, or other indications in the 

gamma-ray logs to suggest missing or repeated section in either well.    
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CHAPTER 4 
 

DISCUSSION 
 

 This chapter examines the most important findings and implications of the 

investigation of the Chico Martinez Creek section.  Ages of Monterey Formation 

members are compared to those reported in the literature for elsewhere in the San Joaquin 

basin.  Members are also interpreted in a sequence stratigraphic context based on 

comparison of the refined ages of the sedimentary sequence with the global coastal onlap 

curve of Haq et al. (1987a,b, and 1988), later modified by Johnson et al. (2005).  Changes 

in sedimentation rate are analyzed in relation to sea-level fluctuations and global climatic 

events that impacted rates in other basins along the California continental margin.  The 

paleoceanographic and tectonic significance of subsurface gamma-ray correlations is 

explored, along with potential applications of CMC data for petroleum geologists.  

Ages of Monterey Formation Members at CMC 

Approximate age estimates for the members of the Monterey Formation at CMC 

are assigned based on new ages for previously identified biostratigraphic datums and new 

magnetostratigraphic correlations (fig. 32).  In all cases, member contacts lie between 

biostratigraphic and magnetostratigraphic horizons and are thus estimated based on 

stratigraphic position between datums.  The following ages were determined for the 

Monterey members at CMC: the Gould Shale is 16 to 15.5 Ma, Devilwater Shale is 15.5 

to 14.0 Ma, McDonald Shale is 14.0 to 10.3 Ma and the Antelope Shale is 10.3 to 



	  
70 

reported in the literature from basin-wide compilations, such as Scheirer and Magoon 

(2007) who concluded that the Gould Shale was deposited between 16.5 and 15.5 Ma, the 

Devilwater Shale between 15.5 and 13.5 Ma, the McDonald Shale between 13.5 and 10.0 

Ma, and the Antelope Shale between 10.0 and 6 Ma.  The large differences in ages 

reported for the top of the Antelope Shale in the literature and here for the CMC can be 

attributed to the time-transgressive nature of the top of the Antelope, which is 

diachronous throughout the San Joaquin basin (Graham and Williams, 1985) and to the 

lack of biostratigraphic data at CMC in the poorly exposed upper part of the section.   

Sequence Stratigraphic Interpretation  

Members of the Monterey Formation at CMC can be interpreted in a sequence 

stratigraphic context when compared to the global coastal onlap curve, newly calibrated 

to magnetostratigraphic and biostratigraphic datums (fig. 35).  The conformable contact 

between the Buttonbed Sandstone and the overlying Gould Shale member marks a marine 

transgression and major shift from a macrofossil-rich, clastic-dominated shelf and slope 

to a distal deepwater environment (fig. 8, Johnson and Graham, 2004).  The transition 

from the calcareous porcelanite lithofacies of the Gould Shale to the calcareous silty 

claystone of the Devilwater Shale is synchronous with a short-lived drop in sea level at 

approximately 15.3 Ma (Haq et al., 1987a,b).  This minor sea level regression was 

accompanied by an increase in clastic input that was either sourced from the Salinian 

Block to the west or the eastern Sierra Nevada (Graham and Williams, 1985).  Sea level 

continued to fall in stages during deposition of the McDonald Shale and marked a shift 

from the clastic-rich claystone of the Devilwater Shale to phosphatic, organic-rich shale.   
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A major sea-level fall occurred during deposition of the McDonald at 

approximately 11.5 Ma (Haq et al., 1987) and was followed by accumulation of the 

siliceous, upper McDonald and Antelope Shales (fig. 35).  Callaway (1990) considered 

the most siliceous interval, near the top of the Antelope – the Chico Martinez cherts (figs. 

21 and 22) – to be a condensed interval associated with a maximum flooding surface, 

however the coastal onlap curve indicates that the upper Antelope was actually deposited 

during the longest, and one of the lowest, sea-level lowstands of the Monterey 

succession.   

This prominent change in lithology associated with sea-level fall is not the simple, 

gradual increase in detritus that would be expected during regression near the basin 

margin.  Instead, it indicates a relative increase in hemipelagic and authigenic 

components requiring either increased biogenic sediment accumulation or decreased 

dilution by detritus.  Condensed, biogenic- and authigenic-rich successions are most 

commonly associated with the upper surfaces of transgressive systems tracts, not 

regressional sequences (Loutit et al., 1988). Several scenarios may explain this, however, 

data to critically evaluate them are not available.  These may reflect marginal changes in 

sedimentation related to eustatic or relative sea level, tectonics, or to changes in the 

intensity or location of upwelling centers.  

On one hand, the change in composition may relate to local isolation of this part 

of the basin from terrigenous input.  This could be due to changes in sediment migration 

pathways, such as slope bypass via incised submarine canyons or relative sediment 

starvation Terrigenous-poor Monterey sediments are postulated to have accumulated in 

lowstand systems tracts in the Santa Maria and Santa Barbara basin where sediment 
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supply was hindered as a consequence of sea-level fall  (Bohacs, 1993).  Although the 

western San Joaquin depocenter is more proximal than these outer basins, the same 

sediment trapping and sequestration may have occurred to decrease siliciclastic sediments 

at CMC.  

Alternately, decreased terrigenous sedimentation may reflect more regional 

changes in the continental supply of siliciclastic detritus to the margin due to 

contemporaneous climatic cooling and aridification along the western North American 

margin (Retallack, 2004).  Yet another hypothesis may be that long-distance drainage 

patterns from the continental interior were diverted from the central California margin by 

mid-Miocene extensional faulting in the Basin and Range province (Wernicke, 2011) or 

by rejuvenated uplift of the paleo-Sierra Nevada that likely began ~10 Ma (Henry, 2009).  

Sedimentation Rates 

The lithology of the Monterey Formation varies at scales from laminations to 

members as a result of changes in relative accumulation rates and relative abundances of 

organic and terrigenous sediment.  Fluctuations in the influx of these constituents also 

control trends in bulk sedimentation rates (Isaacs, 1983).  Terrigenous input may be 

influenced by a number of factors. Tectonic uplift controls both relief and the size of 

drainage areas and exposures to erosion and also can block or modify sediment transport 

routes.  Changes in eustatic or relative sea level can either promote or choke off the 

transport of eroded sediment to the basin. Sediment supply is also influenced by changes 

in climate and precipitation through the amount of continental runoff. Accumulation rates 

of siliceous sediment–diatoms, radiolarians or silicoflagellates–is primarily controlled by 

nutrient supply and primary productivity and enhanced preservation by rapid burial. 
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Finally, accumulation and preservation of organic matter is controlled by biologic 

productivity and basin anoxia, but its concentration can be further enhanced by reduction 

of terrigenous input, the deposition of which can dilute or disperse the biogenic 

component.   Based on biostratigraphic and magnetostratigraphic age datums, linear 

sediment accumulation rates are moderate from 16 to 13.8 Ma (585 ft/Myr or 178 

m/Myr), slow from 13.8 to 10.4 Ma (335 ft/Myr or 102 m/Myr) , and significantly 

increase from 10.4 to 8 Ma (1900 ft/Myr or 579 m/Myr).  The largest change in 

sedimentation rate occurs within the upper McDonald Shale where there is a nearly 6- 

 

 

FIGURE 36. Stratigraphic position of the opal-CT to quartz transition.  Note the large 
increase in the rate of sediment accumulation at this boundary. 
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fold increase from 335 ft/Myr to 1900 ft/Myr.  Understanding this shift is the focus of 

this discussion as it occurs synchronously with a major sea level regression at ~11.5 Ma 

(fig. 35), a lithologic shift to increasingly siliceous lithofacies (fig. 21 and 22) and the 

opal-CT to quartz diagenetic transition boundary (fig 36, Table 2).  These changes 

provide multiple, nonexclusive potential explanations for the dramatic change in the rate 

of sediment accumulation. 

Biosiliceous sediments are unique in their dramatic stepwise loss of porosity with 

burial transition from opal-A to opal-CT to quartz phase silica. The substantial water loss 

and compaction associated with the phase transition from opal-CT to quartz results in a 

marked increase in bulk density due to the combined effects of decreased porosity and 

increased grain density.  In order to assess if the large increase in linear sediment 

accumulation rate between 10.4 and 9.9 Ma is an artifact of diagenetic state, sediment 

thicknesses must be compared under similar silica phase conditions.  

Although a large portion of the increase in accumulation rate at 10.4 Ma can be 

attributed to diagenesis, calculations show the sedimentation rate above this transition 

boundary would still exceed the rate below by 2 times if they were compared under the 

same quartz phase conditions of grain density and porosity using values based on 

empirical data from Monterey Formation sediments in the San Joaquin basin (Chaika and 

Dvorkin, 2000).  The combined effects associated with the diagenetic transition from 

opal-CT (44 % porosity, 2.15 g/cm3 grain density) to quartz phase (26 % porosity, 2.65 

g/cm3 grain density) would result in overall rock volume decrease of 60 %, reducing the 

sediment accumulation rate from 1900 to 760 ft/Myr. Although accounting for a 
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significant amount of the increased sediment accumulation rate, the normalized rate 

above the transition is still twice that of below.  

The increase in sediment accumulation rate also occurs after a major fall in sea 

level at approximately 11.5 Ma (fig. 35).  This regression is associated with the formation 

or expansion of the Antarctic ice sheet.  In addition to expected changes in sedimentation 

related to regression, this major global cooling event is thought to be associated with an 

increase in diatom productivity (Ingle, 1981; Barron, 1986).  This surge in biologic 

production and accumulation was likely a major factor contributing to the increase in 

continued sediment accumulation and silica content in the upper McDonald and lower 

Antelope.  A similar peak in biogenic opaline silica accumulation between approximately 

9.5 and 8 Ma can also be seen in deep-sea cores along the length of the California margin 

(Lyle et al., 2000), far outside of the restricted bathymetry of the Miocene borderland, 

indicating that the increased accumulation of siliceous sediment was a regional 

phenomenon rather than a local environmental event.  It is also possible that the 

combined effects of increased diatom and organic matter sedimentation overwhelmed 

subsidence in the CMC depocenter, resulting in reduction in area as the basin filled and 

shallowed.  

Paleobasin Conditions Interpreted from Th/U, Th/K Ratios And CGR 

Thorium-uranium (Th/U) and thorium-potassium (Th/K) ratios from spectral 

gamma-ray data have been applied in numerous studies to provide insight into paleobasin 

anoxia and the relative proportion of illite with respect to other clay minerals (i.e., 

smectite, kaolinite and k-feldspar) (Adams and Weaver, 1958; Hesselbo, 1996; Dypvik 

and Harris, 2001; Doveton and Merriam, 2004).  Th/U values are sensitive to oxidizing or 
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reducing depositional conditions where low values indicate basin anoxia (Adams and 

Weaver, 1958).  Low Th/K are associated with the presence of illite, mica or other high-

K minerals, whereas high Th/K values are associated with other detrital clay minerals 

(Hesselbo, 1996; Doveton and Merriam, 2004).  The computed gamma-ray (CGR) log 

incorporates only potassium and thorium values, eliminating the influence of organic 

content associated with high uranium (Doveton and Merriam, 2004).  Thus the analysis 

of the CGR log is a purely lithologic approach that allows for assessment of relative 

detrital clay content.  

Based on the Th/U ratios, the succession switched from suboxic and oxic 

conditions to anoxia and then back to weaker anoxic conditions through the succession. 

Strongest anoxic conditions prevailed from 14 to 10 Ma (fig. 37).  The prominent shift 

from oxidizing basin conditions in the Gould and Devilwater shales to reducing 

conditions in the McDonald and lower Antelope shales partially explains the transition 

from organic-poor (1.3 weight % TOC) calcareous silty claystone to organic-rich (5.0 to 

6.1 weight % TOC) phosphatic and siliceous shales.  

A gradual regression from the Devilwater Shale into the McDonald Shale (~14 to 

11 Ma) may have both isolated the depocenter from clastic source pathways as previously 

described and possibly allowed the oxygen minimum zone to intercept the western basin 

margin resulting in basin anoxia and the onset of McDonald Shale deposition (fig. 38).  It 

may also have helped isolate the entire San Joaquin basin by restricting connection to the 

Pacific. It also corresponds to the slowest sediment accumulation rate of the entire 

succession.  Condensed sedimentation during a gradual regression may be related to rates 

of thermal and isostatic subsidence similar to those demonstrated in other Neogene pull-
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apart basins in California (Compton, 1991) outstripping sea-level fall for a resulting 

relative sea-level rise.  This environment of isolated, deep basin conditions would allow 

for the slow sediment accumulation and preservation of organic-rich, phosphatic shales 

characteristic of the lower McDonald.  Basin anoxia could have been intensified due to a 

large marine regression that occurred during deposition of the upper McDonald - this 

may have further isolated the basin from the Pacific Ocean (fig. 38).  Accumulation of 

abundant organic matter continued along with biosiliceous sedimentation through 

deposition of the upper McDonald to lower Antelope.  

 

 

FIGURE 38. Schematic model of paleobasin conditions during McDonald and Antelope 
Shale deposition.  SL = Sea-level and OMZ = Oxygen mimimum zone. 

	  
	  

The CGR log indicates low clay content in the Gould Shale, upper McDonald and 

lower Antelope shales, and moderate clay in the upper Antelope.  The highest clay 

content interval is present from the Devilwater Shale to the lower McDonald Shale (fig. 

39).  The low clay content interval in the upper McDonald and lower Antelope is 

significant because it is approximately synchronous with anoxic basin conditions.  This 

further supports the theory that the CMC depocenter became isolated from detrital input 
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FIGURE 39. Paleobasin conditions interpreted from CGR and Th/U ratios.  
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FIGURE 40. Relative clay content and illite content interpreted from CGR and Th/U 
ratios.  
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subsequent to sea-level regression. 

High Th/K values in the Devilwater Shale can be attributed to high thorium 

throughout this member, which is almost twice that of most other distinctive lithofacies in 

the CMC section (fig. 40).  The reason for high Th values in this detrital-rich interval are  

unknown, but are likely related to provenance.  There is also a prominent transition from 

high to low Th/K values in the lower Antelope that occurs synchronous with the smectite-

to-illite transition based on XRD and FTIR data (Table 1).  Below this point, values 

continue to remain low (with the exception of the Devilwater Shale) providing further 

support that this is a mineralogic transition to illite clays.  

Comparison of Sedimentation Rates in Proximal Neogene Basins 

 Sediment accumulation rates at CMC (San Joaquin basin) were compared to rates 

determined from previous studies (fig. 41) in Pismo basin (Omarzai, 1992), Santa Maria 

basin (McCrory et al., 1996) and Santa Barbara basin (DePaolo and Finger, 1991).  

Similarities in sedimentation patterns provide strong support that the processes that 

controlled sedimentation at CMC were widespread, not just restricted to the San Joaquin 

basin.  Discrepancies would suggest basin-specific localized mechanisms controlled the 

precise timing of changes in rate and type of deposition.  

 Similar to CMC, the sedimentation records from Pismo, Santa Maria and Santa 

Barbara basins reflect a major lull in sedimentation from approximately 14 to 10 Ma (fig. 

42).  The magnitude of this decrease in rate of accumulation varies from very slow rates 

in the San Joaquin and Pismo basins to almost complete depositional hiatuses in the Santa 

Maria and Santa Barbara basins.  In all basins, diminished accumulation rates could have 

been associated with basin isolation on a complex margin similar to the modern 
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FIGURE 41. Location of studied sections shown in Figure 41 from other Neogene basins 
in relation to Chico Martinez Creek. 

 

California Continental Borderland due to sea level fall, or, if subsidence was fast enough, 

to sediment starvation from reduced supply from the continent.  The formation of the 

East Antarctic Ice Sheet and subsequent sea level fall was a global event that would have 

had a similar and relatively isochronous impact on many Neogene basins along the 

California margin. Simultaneously, aridification due to global cooling may have 

decreased precipitation, run-off and terrigenous sediment transport to the continental 

margin (Retallack, 2004).  

The onset and termination of the sedimentation rate decrease is diachronous 

across all four basins.  In CMC sedimentation rate decreases substantially from 
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approximately 13.8 to 10.4 Ma, whereas in the Santa Maria basin, rates begin to drop at 

approximately 16 Ma and increase at 9 Ma.  Variation in the onset of condensed 

sedimentation may be attributed to San Andreas-related tectonics, which opened and 

isolated basins at different times independent of global sea level change (Blake et al., 

1978).  The abrupt increase in rates following slow sedimentation in CMC, Santa Maria, 

and Santa Barbara basins occurred between 10 and 9 Ma.  This change sedimentation rate 

is unknown in Pismo basin because of the lack of published data. The increased 

sedimentation rate has been attributed to increased diatom productivity that dominated 

the California margin in the Late Miocene due to increased upwelling (Ingle, 1981).   

However, variation in the magnitude of the increase in sedimentation rate may have been 

influenced by the geographic location of these basins with the San Joaquin basin having 

filled more rapidly than Santa Maria and Santa Barbara basins.  This is likely attributed to 

the more inboard geographic position of the San Joaquin basin relative to the two 

outboard basins, which were more isolated from terrigenous sources.  It was not until the 

late Miocene to early Pliocene (approximately 6.8 Ma) that these outboard basins 

experience a major increase in sedimentation rate marked by the deposition of the 

Sisquoc Formation (Isaacs, 2001). 	  

Subsurface Correlation 

 Subsurface gamma-ray correlations to 51X-33 ST and Bacon #1, located 3.5 

miles north and 4.5 miles northeast, respectively, indicate relatively minor variation in 

total thickness of the Monterey Formation over this distance.  The Monterey Formation 

decreases in thickness by 862 feet from CMC to 51X-33 ST and increases in thickness by 
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107 feet from CMC to Bacon #1.  This lack of lateral variation in thickness has tectonic 

and paleobathymetric implications.  

It is apparent that these three areas did not experience substantial syndepositional 

tectonic deformation observed in other Monterey sediments in the San Joaquin basin 

(Harding, 1976).  If this were the case, there would be more lateral variation in thickness 

reflecting the differential accommodation space in structurally formed bathymetric highs 

and lows.  It can be interpreted that, overall, this small area of the basin remained 

tectonically quiescent during deposition of the Monterey, then underwent post-

depositional deformation resulting in uplift and exposure of the sediments at CMC (and 

northwest-southeast along the foothills of the Temblor Range), but burying them to the 

north and northeast.  The relatively constant thickness of the Monterey also indicates 

relatively flat paleobathymetry and the lack of local sills and bank tops in this limited 

area of the San Joaquin depocenter.
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CHAPTER 5 

CONCLUSIONS 
 

This study provides the most detailed lithostratigraphic and chronostratigraphic 

characterization of the Monterey Formation at the Chico Martinez Creek section, a 

classic exposure visited by thousands of geologists over the years and a key reference 

section for the San Joaquin basin. In spite of its acknowledged significance, no 

continuous detailed description existed previously in the public domain.  The Monterey 

Formation, previously divided into 4 lithostratigraphic members–the Gould, Devilwater, 

McDonald and Antelope shales–has been further subdivided into 7 distinctive lithofacies 

with unique spectral gamma-ray character and composition.  A chronostratigraphic 

framework has now been established based on 5 previously unpublished biostratigraphic 

datums and 6 new paleomagnetic ages.  These new data allowed for determination of 

linear sediment accumulation rates at CMC that could then be compared with other 

Neogene basins in California.  The following are the most significant findings based on 

the data collected from the CMC:  

1.  The Monterey Formation is 6012 ft thick at CMC and has been subdivided into 

7 distinct lithofacies in age-ascending order: calcareous porcelanite (432 ft), calcareous 

silty claystone (802 ft), phosphatic shale (430 ft), calcareous siliceous shale (920 ft), 

siliceous shale (2676 ft), arkosic sandstone (230 ft), and porcelanite and chert (522 ft).  

Certain distinctive lithofacies have the following unique defining spectral gamma-ray
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characteristics: 

a.  The calcareous silty claystone lithofacies has the highest average thorium (10.4 

ppm) and potassium values (1.5 %). 

b.  The phosphatic shale lithofacies has the highest uranium value (14.3 ppm). 

2.  The ages and durations of Monterey members at Chico Martinez Creek are 

relatively consistent (generally within 0.5 Ma) with values in the published literature.  

The only exception being the large discrepancy in age reported for the top of the 

Antelope Shale, which is time-transgressive.  

3.  Major changes in distinctive lithofacies observed at Chico Martinez Creek 

have sequence stratigraphic significance and can be directly correlated to eustatic sea-

level fluctuations.  

4.  The shift from the clastic-rich claystone of the Devilwater Shale to the 

phosphatic, organic-rich shales of the lower McDonald Shale and siliceous shales of the 

upper McDonald and Antelope shales is correlated to a fall in sea-level; this marine 

regression is related to the advancement of the East Antarctic Ice Sheet and a prolonged 

period of global cooling. 

5.  The prominent increase in siliceous composition starting in the upper 

McDonald Shale indicates either an increase in diatom productivity associated with 

global cooling, or a decrease in dilution by detritus.  Several different scenarios, or a 

combination of them, may explain this increase in the silica:detrital ratio: 

a.  This area of the basin was isolated from terrigenous input due to changes in 

sediment migration pathways, i.e. slope bypass via submarine canyons.  
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b.  Aridification along the western North American margin associated with global 

cooling decreased sediment transport to the ocean.  

c.  Drainage pathways from the continental interior were diverted by mid-

Miocene extensional faulting in the Basin and Range provenance or rejuvenation of uplift 

of the Sierra Nevada approximately 10 Ma.  

6.  Sediment accumulation rates surged during deposition of the upper McDonald 

through Antelope siliceous facies.  Since these sediments are detrital-poor, increased 

diatom productivity was likely a major factor contributing to this large influx in 

accumulation rates.  

7.  Th/U ratios from spectral gamma-ray data reveal that anoxic basin conditions 

prevailed during the deposition of the upper McDonald and lower Antelope.  Basin 

isolation from the Pacific Ocean due to the synchronous marine regression may explain 

these conditions.  The computed total gamma-ray (CGR) log confirms that this interval 

had low detrital clay content providing further support that the increase in linear sediment 

accumulation rates is attributed to increased diatom productivity.  

8.  Similarities in sedimentation rate patterns with Pismo, Santa Maria and Santa 

Barbara basins provide strong support that the processes that controlled sedimentation at 

CMC were widespread.  This comparison shows that the advancement of the East 

Antarctic Ice Sheet and consequent sea-level fall impacted many Neogene basins along 

the California margin similarly.  

9.  Correlation of surface total gamma-ray data to proximal wells in the western 

San Joaquin basin indicate relatively minor variation in the total thickness of the 
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Monterey Formation.  This lack of lateral variation implies tectonic quiescence and 

relatively flat paleobathymetry during Monterey Formation deposition.
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CHAPTER 6 

FUTURE WORK 

This thesis is a foundational study on which future projects can expand.  Future 

work recommendations range in scope from increasing the resolution of data collected at 

the CMC section to applying the interpretations made and technical analysis conducted at 

CMC to other areas of the San Joaquin basin and other Neogene basins throughout 

California.  The following are recommendations for future work.   

Data Refinement 

 1.  Compositional XRD and FTIR analysis was limited to only 10 samples. 

Extending the compositional analysis to a much higher stratigraphic resolution would 

better characterize compositional variation.  The addition of x-ray fluorescence (XRF) 

analysis would provide a suite of elemental data that would aid in paleoceanographic 

correlation and interpretation.  These data would permit calculation of detailed mass 

accumulation rates of geochemically important components, such as organic carbon, 

phosphorous, and biogenic silica that could be used to test fundamental questions about 

the role of the Monterey in Miocene global change. 

 2.  Thorium-Uranium ratios from the spectral gamma-ray data were used as a 

proxy for identifying paleobasin conditions.  The environmental significance of these 

ratios needs to be confirmed by direct geochemical data; the CMC sections would be a 

good place to conduct this test.
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 3.  The generated magnetostratigraphic record was limited to the lower to middle 

McDonald Shale.  Extending the magnetostratigraphic record above and below this 

interval would help refine the chronostratigraphy at CMC, which would provide a more 

detailed record of changes in sediment and mass accumulation rates.  Identification of 

more subtle changes in sediment accumulation may provide more insight into the 

paleoceanographic and paleoclimatic mechanisms that controlled these fluctuations.  

Subsurface Correlation 

 1.  This study highlights the importance of collecting spectral gamma-ray data in 

subsurface wells and outcrop studies, which compliment a total gamma-ray dataset by 

providing a means to interpret paleobasin environmental conditions, in addition to 

correlating similarities in lithology and log character.  Due to the limited availability of 

subsurface spectral gamma-ray data from older wells, such correlations could not be 

conducted in this thesis, but should be attempted when more data become publicly 

available.  

 2.  Consistent with previous studies, this thesis demonstrates that Th/U ratios 

derived from spectral gamma-ray data can be used a means to interpret paleobasin 

conditions.  These ratios would offer a powerful subsurface correlation tool that could be 

used to correlate sediments that were deposited under similar basin conditions.  This 

would provide a low-resolution method of correlation in addition to correlating total 

gamma-ray character.  This application would be of particular use in the McDonald and 

lower Antelope members of the Monterey Formation, which were deposited in anoxic 

basin conditions; these conditions were not just specific to the CMC location, but were 

widespread and somewhat diachronous throughout California.  The high TOC values 
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associated with this interval in CMC (5.0 to 6.1 weight %) make it a viable source rock in 

the San Joaquin basin.  By integrating data from numerous wells with spectral gamma-

ray measurements and calculated Th/U values, it could be possible to build an isopach 

map that predicts the lateral and vertical extent of anoxia and deposition of the related 

source rock strata in the San Joaquin basin. 

 3.  The potential for subsurface correlation of distinctive lithofacies by their 

unique spectral log character is also a valuable application of this study.  This could be 

particularly useful in the Devilwater Shale member where the lithology and spectral 

gamma-ray signature is strikingly dissimilar to the rest of the Monterey Formation.  

Unlike the other Monterey members at CMC, the thorium is much higher than the 

uranium in this silty claystone interval, resulting in crossover and curve separation.  This 

distinct log signature could be applied to mark the base of the organic-rich McDonald 

Shale and to construct subsurface isopach maps of the Devilwater Shale should it ever 

prove to be an economic reservoir in the San Joaquin basin.  

Basin Comparison 

 1.  This thesis compared sediment accumulation rates to those in 3 other Neogene 

basins in California.  This comparison could be expanded not only to additional 

paleobasins in California, but also to other Miocene depocenters along the Pacific Rim 

that experienced correlative eustatic sea-level changes and global cooling events.  This 

would provide confirmation or refutation that the processes that controlled sedimentation 

in California were broadly regional, if not global in nature.  
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