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Abstract

The Antelope shale consists of fine-grained, deep-marine, organic-rich, diagenetic, biosiliceous

shales, and clastic turbiditic sandstones in the San Joaquin basin. This heterogeneity in lithology

is challenging when characterizing and correlating these facies within neighboring fields. An

integrated approach is required to analyze these rocks. This integration requires paleontological

data, mudlogs, gamma logs, natural spectral gamma logs, elemental capture spectroscopy logs,

density logs, neutron logs, cores, and x-ray diffraction analysis.

From this combined approach, the relative distributions of biosiliceous chert, detrital sand, and

shale facies were determined for the basal Antelope Shale at Elk Hills and surrounding fields.

The results from this study highlighted an abundance of chert and shale facies at Railroad Gap

and Asphalto field. At the Elk Hills and Buena Vista fields, an abundance of sandstone facies

appeared to replace the chert facies with depth. The interpretation from these facies distributions

suggested that Railroad Gap and Asphalto represented banktop to upper slope facies while Buena

Vista and Elk Hills represented lower slope to basinal facies. This interpretation corresponds to

the depositional model established by previous studies done within the San Joaquin basin on the

Antelope shale and associated Stevens sandstone.
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Introduction

The Antelope shale is the local name given to the siliceous shale member of the Monterey

Formation in the southern San Joaquin basin of California (Figure 1). It is a major reservoir and

source rock with an estimated twelve billion barrels of oil reserves in the San Joaquin basin

(Hosford Scheirer, 2007). This estimate represents biogenic siliceous shale and clastic sandstone

reservoirs within the Antelope shale. It is important to understand the subsurface distribution of

these rock types for successful characterization and development.

A facies analysis is the first step to characterize the lithology, determine the subsurface

distribution, and interpret the depositional environment of a rock. This can be accomplished with

the use of drill cuttings, cores, wireline logs, and previous studies.

Previous studies have noted the following challenges in conducting facies analyses on the

Antelope shale:

1) The fine-grained nature of these sediments leads to inconsistent identification of the rock

facies from core and drill cuttings.

2) The effect of diagenesis introduces difficulty in identifying variation within the biosiliceous

rocks from core and drill cuttings that have the same mineral composition.

3) The dilution of biosiliceous sediments by fine-grained terrigenous input complicates the task

of facies correlation across neighboring oil fields.

4) The lack of core data promotes a larger dependence on wireline log analysis in the

characterization of these rocks.
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Figure 1. Map of California identifying the major geologic provinces, faults, and the study area outlined in purple
(modified from Maher et al., 1975).
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The basal Antelope shale, also known as the PG (named after the foraminifer Pulvinulinella

gyroidinaformis) chert interval at Elk Hills (Maher et al., 1975) and the surrounding oil fields

(Figure 2), presents the challenges mentioned above. However, compared to the upper Opal CT

diagenetic phase Antelope shale units, the biosiliceous rocks in this basal unit consist primarily

of diagenetic quartz phase cherts and porcelanites. The basal Antelope shale overlies the

McDonald Shale. This contact is a local time stratigraphic benthic foraminifera boundary that

marks the top of the lower Mohnian (Bandy and Arnal, 1969) and makes well log correlations

across oil fields consistent.

Wireline logs are effective tools in a facies study provided the logs are calibrated to core data.

Previous studies of the Monterey Formation emphasized the importance of calibrating core to

wireline log data for extrapolation of these fine-grained facies to uncored wells (Hornafius, 1991;

Bohacs, 1992; Schwalbach, 1992; Montgomery and Morea, 2001; Reid and McIntyre, 2001;

Schwalbach et al., 2009). The visual descriptions and compositional analysis from core, along

with gamma logs and natural spectral gamma logs, were used to develop a relationship between

the facies composition and interpret the depositional environments (Hornafius, 1991;

Schwalbach, 1992; Bohacs, 1992).

By integrating core and geo-chemical logs, this thesis focused on a subsurface facies

characterization of the basal Antelope Shale or PG chert unit (Figure 1 & 2) at Elk Hills and the

surrounding oil fields. However, unlike any prior research, this thesis utilized the elemental

capture spectroscopy (ECS) log. The ECS log was incorporated for the determination of

biosiliceous chert, detrital sand and shale, and carbonate facies in the study area.
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Figure 2. Stratigraphic column of the Elk Hills highlighting the PG unit of the Antelope Shale at Elk Hills and
neighboring fields (modified from Reid and McIntyre, 2001). Time scale based on Reid, 1985, and Bandy and
Arnal, 1969.



5

Background

Location

The study area is located in the southwest part of the San Joaquin basin (Figure 1). The San

Joaquin basin is the southern portion of California’s Great Valley. In the north, the broad

Stockton arch separates the Sacramento basin from the San Joaquin Valley and in the south the

San Emigdio and Tehachapi Mountains form a transverse structure that encloses the basin

(Figure 1). This basin is bounded by the Sierra Nevada Range to the east and by a belt of highly

deformed folds and faults known as the Diablo and Temblor Ranges to the west.

The area of study is located within the fold and thrust belt on the western flank of the valley. The

area encompasses the Elk Hills, Railroad Gap, Asphalto, and Buena Vista oil fields. It is located

approximately 20 miles southwest of Bakersfield, about 2 miles north of Taft, and about 1.5

miles east of McKittrick (Figure 3). The Elk Hills and Buena Vista fields display a surface

expression of two major anticlinal structures with Elk Hills located nearer to the basin synclinal

axis than Buena Vista (Figure 3). The Buena Vista syncline separates the Elk Hills and Buena

Vista fields. Both of these oil fields are composed of two major sub-structures. Elk Hills consists

of the 29R anticline in the west and the 31S anticline in the east (McJannet, 1996). Similarly,

Buena Vista consists of the West Dome and the East Dome (Toronyi, 1997). The Railroad Gap

and Asphalto fields are two minor anticlinal structures in the study area (Hardoin, 1965;

Anderson, 1963). Both of these minor anticlines are located near the west-northwest end of Elk

Hills. All the anticlines in the study area have northwest-southeast trending fold axes (Hardoin,

1965; Anderson, 1963; Maher et al., 1975; Montgomery and Morea, 2001).
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Figure 3. Structure map on the N unit of the Antelope shale (modified from Webb, 1981). The location of the oil
fields in the study area (Elk Hills, Buena Vista, Asphalto, and Railroad Gap fields) in relation to the basin synclinal
axis.

Geological Setting

From the late Mesozoic to the early Cenozoic, prior to the deposition of the Miocene Antelope

shale, the San Joaquin basin was part of a major forearc basin (Dickinson and Seely, 1979). In

the Early Oligocene, the Pacific-Farallon Oceanic Ridge encountered the subduction zone and

the western margin of the North American plate changed from an active subduction margin to a

right-lateral transform margin that continued through the Miocene (Atwater, 1970). This

transition from a convergent to transform margin setting led to the disruption of the former

forearc basin (Blake, et al., 1978), the creation of the California borderland (Nilsen, and Clarke,
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1975), and the development of the San Andreas fault system (Atwater, 1970). From Early to Late

Miocene, minor en echelon folding developed along the western fold belt of the basin (Harding,

1976), creating the anticlines in the study area. These anticlinal structures along the western

margin of the San Joaquin were initially interpreted to have formed as a result of wrench

tectonics (Harding, 1976). They are now believed to have formed as a consequence of

transpressional regime folding above deep-seated thrust faults (Namson and Davis, 1988).

During the Middle to Late Miocene, the San Joaquin basin was partially cut off from the Pacific

Ocean by movement of the San Andreas fault along with the northward propagation of the

emergent Salinian Block (Bartow, 1991) (Figure 4). The Antelope shale deposition occurred

within this semi-closed basin (Graham and Williams, 1985) (Figure 5). Organic-rich

diatomaceous shale occupied the banktops and upper slopes of the growing anticlinal structures.

The sand-rich clastic sediments (Stevens sands) from the surrounding highlands were deposited

in the lower-slope and basinal settings (Webb, 1981; Graham and Williams, 1985; Reid, 1995).

During the Middle to Late Miocene, biogenic sedimentation was further enhanced by rising sea

levels, intensified upwelling due to changes in oceanic circulation, and a cooling climatic trend

that accelerated diatom productivity (Graham and Williams, 1985; Barron, 1986). All of these

factors contributed to the unique and complicated characteristics of the Antelope shale facies.
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Figure 4. Northward movement of the emergent Salinian Block along the western side of the San Joaquin basin
(Modified from Bartow, 1991 by Harrison and Graham, 1999).

Figure 5. Deposition of the Antelope shale in the late Miocene along with location of clastic influx stippled
(Modified from Reid, 1995).
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Lithology

Lithology determination from cores and mudlogs are essential to understanding litho-facies

trends. The criteria used to determine the unique lithologies of the fine-grained basal Antelope

shale rocks are mainly texture, luster, hardness, fracture character, fracture density, and reaction

to hydrochloric acid (Figure 6). Based on these criteria, the typical basal Antelope shale lithology

consists of cherts, porcelanites, siliceous shale, clay shale, calcareous shales, phosphatic shales,

and dolomites (Bramlette, 1946; Isaacs, 1981a; Bohacs, 1992).

Figure 6. Criteria used to determine lithology of the basal Antelope shale was derived from previous studies

(Williams, 1982; Schwalbach, 1992; Reid and McIntyre, 2001).

In the San Joaquin basin, claystones, siltstones, and sandstones are additional rock types

identified as part of the Monterey lithologies (Webb, 1981; Williams, 1982; Graham and

Williams, 1985; Reid, 1995). It should be noted that the San Joaquin basin cherts appear less
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glassy or vitreous in luster and have limited conchoidal fracturing compared to the coastal cherts

(Reid and McIntyre, 2001), but maintain the same elemental or mineralogical classification.

The generalized vertical sequence of the Monterey litho-facies (Figure 7) consists of an upper

siliceous facies, middle phosphatic facies, and lower calcareous facies (Pisciotto and Garrison,

1981). However, this stacking of facies varies locally depending on the depositional setting. An

example of local variations and stacking was demonstrated in the five member litho-facies

scheme by Hornafius (1991) for the Santa Barbara Channel area. The Santa Barbara Channel

consists of an upper shale, upper chert, middle shale, lower chert, and lower calcareous members

(Figure 8). The basal Antelope shale is likely the equivalent of the lowest section of the siliceous

facies in the Pisciotto and Garrison (1981) sequence and the base of upper chert section in the

Hornafius (1991) study.

Figure 7. Generalized sequence of the Monterey facies (Pisciotto and Garrison, 1981). Approximate equivalent of
basal Antelope shale facies (PG unit) highlighted in red.
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Figure 8. Map and cross-section of the sequence of Monterey facies in offshore California (Hornafius, 1991) with
approximate equivalent of basal Antelope shale facies (PG unit) highlighted in red.
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In the study area, the basal Antelope shale is dominated by three major litho-facies:

chert, shale, and sandstone facies. The chert facies consist of cherts, porcelanites with varying

detrital clay content, and siliceous shales. The shale facies is comprised of shales with varying

clay, calcareous, and phosphatic components. The sandstone facies consist of sandstones and

siltstones. These litho-facies were determined using cores, drill cuttings descriptions from

mudlogs, and geo-chemical logs. The stacking patterns varied depending on the paleo-

bathymetry, sedimentation, and proximity to depocenter (Pisciotto and Garrison, 1981).

Diagenesis

The biosiliceous content of the basal Antelope shale lithology in the study area consists mainly

of quartz-phase porcelanites and cherts. The phase is a function of the diagenetic effect on these

biosiliceous basal Antelope shale sediments. After initial deposition, the diagenetic

transformations of these sediments were controlled by time, temperature, pressure, pH, and the

amount of detrital sediments (Williams et al, 1985). Siliceous ooze on the sea floor precipitated

as amorphous silica known as Opal A (Williams et al, 1985). With burial depth and time, the

Opal A chemical structure became unstable. It recrystallized to form more stable and less soluble

Opal CT characterized by cristobalite and tridymite (Williams et al, 1985). With continued time

and increased temperature and pressure, this Opal CT became unstable. The CT component

dissolved and recrystallized to form more stable diagenetic quartz (Williams et al, 1985).

The method used to determine the silica phase is XRD analysis. The silica phase conversions

took place within two relatively narrow temperature ranges and burial depths: approximately 40-

50 oC (104 – 122 F) and 0.5-2.0 km (1,640 – 6,562 feet) for Opal-A to Opal-CT and
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approximately 65-80 oC (149 – 176 F) and 1.5-3.0 km (4,921- 9,842 feet) for Opal CT to quartz

(Behl, 1999) (Figure 9).

Detrital-rich sediments require higher temperatures than the biogenic-rich silica to transform

Opal A to Opal CT (Figure 9) and the resulting Opal CT is less brittle than that of the biogenic-

rich sediments (Behl and Garrison, 1994). Therefore, detrital-poor sediments underwent

diagenesis much earlier, forming hard brittle Opal CT cherts at 10-33 oC (50 – 91 F), and quartz

cherts at temperatures as low as 36-76 oC (97 – 168 F) (Behl and Garrison, 1994; Behl, 1999).

Figure 9. Diagram showing the relative composition and temperatures of silica phase change (Keller and Isaacs,
1985). Modified to include data on the purest diatomites and cherts (Behl, 1999).
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Previous Work

Most of the previous works in the study area were focused on the characterization of the upper

Antelope shales and Stevens Sandstone reservoirs. Some of the tools and methods used for

evaluating reservoir quality can also be applied to characterize basal Antelope shale (PG chert

unit) facies. The studies on the coastal Monterey formation in California (Hornafius, 1991;

Schwalbach, 1992; Bohacs, 1992) provide valuable approaches to studying the PG chert facies.

In the petroleum reserve study done by Maher et al.(1975), the PG chert unit of the Antelope

shale was described using core and drill cuttings from the 526-30R well on the 29R structure at

Elk Hills to determine litho-facies (Figure 10). The lithologies in this zone consisted of siliceous

shale and cherts in the lower section and siltstones and sandstones in the middle and upper

sections. By using electric logs to correlate the wells, it was determined that the thickness of the

basal Antelope shale (PG chert unit) increases from 238 feet in the 29R structure to greater than

800 feet east of Elk Hills.

In the Hornafius (1991) facies analysis, paleontology and gamma ray logs were used primarily

for stratigraphic correlations. The spontaneous potential and the resistivity logs were used as a

secondary correlation tool. The lithology was determined from core examinations, gamma ray,

and resistivity logs. It was determined that banktop facies are typically thin-bedded, clay-rich,

and have high gamma radiation. Basinal facies are thick-bedded, clay-poor, and have low gamma

radiation. The slope facies are comprised of characteristics of both the banktop and basinal

facies.
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Figure 10. Location of the key wells in the study area used for this facies analysis and the location of well 526-30R
referred to in the previous works section for the Maher et al. 1975 study.

Figures 8 and 11 show the cross-section and map of the facies distribution. A correlation

between rock composition and stratigraphic thickness showed an increase in detritus (detrital

quartz, feldspar, and clays), decrease in biogenic silica, and decrease in thickness from basinal to

banktop facies. The increase in detritus from basin to banktop was interpreted a result of poorly

developed fans where detrital sediments were limited to shorter distances in an outboard basin

within the borderland basin setting (Hornafius, 1991). The change in composition was

determined from X-ray fluorescence (XRF), X-ray diffraction (XRD), and natural gamma ray
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spectrometry (NGS). The true stratigraphic thickness was determined from the gamma log and

structural dip.

Figure 11. Map showing the distribution of the banktop, slope, and basin facies in the Santa Barbara Channel area

(modified from Hornafius, 1991).

In the stratigraphic and sedimentological dissertation done by Schwalbach (1992), the visual

attributes of luster, hardness, reaction to HCl, fracture character, and presence of nodules were

utilized to determine the rock type. The three common components of the Monterey Formation

litho-facies were discussed and highlighted by a ternary diagram shown in Figure 12. A

correlation between natural spectral gamma ray response and physical rock properties from

outcrops was established and projected to the offshore wells. The potassium and thorium logs

were used as an indicator for detritus. High thorium was used as an indicator for volcanic

sediments and the uranium log was used as an indicator for organic content.
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Figure 12. Ternary diagram illustrated by Schwalbach (1992) to represent the biogenic, detrital, and carbonate

components of the Monterey Formation.

In the evaluation of porcelanite reservoirs of the upper and middle Antelope shale (A, B and D

units) at Elk Hills, Reid and McIntyre (2001) used X-ray diffraction (XRD) and petrographic

analysis to determine composition and diagenetic phase changes in the reservoir rock. The

lithologies determined from core data were correlated against the well logs (SP, gamma ray,

resistivity, and porosity). The core-to-log integration was then extrapolated to the sections of the

well that were not cored.

At the Buena Vista field, Montgomery and Morea (2001) summarized the multiyear advanced

reservoir characterization study for CO2 injection evaluation performed by the U.S. Department

of Energy and Chevron U.S.A on the upper Antelope shale (N, A, and B units). From the cores,

the biosiliceous rocks were described based on luster, hardness, bedding, and structure. The

clastic rocks were described based on grain size, sorting, bedding, and sedimentary structure.

Petrographic and XRD analyses were used to discern the biogenic silica and detrital silica. The
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Ternary diagram used consisted of biogenic silica, clay, and detrital quartz as the end members

(Figure 13). The biogenic silica represented the cherts and porcelanites, the clay represented the

shales, and the detrital quartz accounted for the clastic sandstones.

Figure 13. Ternary diagram used by Montgomery and Morea (2001) to represent the biogenic, detrital, and clay

components of the Antelope shale.

The reservoir characterization of the Monterey Formation by Schwalbach et al. (2009) provided

a method to determine the silica phase and clay volume using the density and neutron logs. This

was accomplished by setting the scale for the density log from 1.65 to 2.65 g/cc and the neutron

scale from 0.6 to 0.0 on the same log track. Due to the low grain density (2.35 g/cc) of opal CT

silica phase porcelanites, the density log shifts left of the neutron log (crossover effect)

indicating the presence of the opal CT phase rocks in the reservoir. In comparison, the normal

separation of the density and neutron log (density log shifts right of the neutron log) indicates the

presence of clay detritus in quartz phase silica porcelanites. This is due to the higher grain
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density (2.55 – 2.65 g/cc) and lower porosity of the quartz phase silica. The higher the separation

between the density and neutron logs, the greater is the clay detritus content.

No published data on the Monterey Formation has incorporated the use of elemental capture

spectroscopy (ECS) logs. In this thesis, an attempt has been made to utilize this log as an

additional tool for facies characterization.
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Methods

Subsurface Maps:

By incorporating similar well logs used by Hornafius (1991) and Maher et al. (1975) in the

previous studies, the top of the basal Antelope shale (PG unit) was correlated using the gamma

ray (GR), spontaneous potential (SP), resistivity, and mudlogs. Internal paleontological reports

(see paleontological reports below) from drill cuttings were integrated along with the wireline

log responses and mudlogs to correlate the top of the McDonald Shale. In the study area, two

hundred and sixty wells were correlated to create a subsurface structure contour map for the top

of the basal Antelope shale (PG unit). In areas lacking wells drilled into the basal Antelope shale,

an estimated correlation top of the PG unit was used based on the top of the Antelope shale

surface to get an improved subsurface interpretation. A true stratigraphic thickness map from the

top of the basal Antelope shale to the top of the McDonald Shale was created from fifteen key

wells using the gamma log and dipmeter data. These fifteen wells (Figure 10 and 14) within the

study area contained wireline log, mudlog, and core data to conduct this analysis.

Paleontological Reports

In adopting the approach used by Hornafius (1991) to use paleontological data for stratigraphic

correlations, internal paleontological reports were used to correlate the top of the McDonald

Shale. These reports identified the McDonald Shale as the Bulimina uvigerinaformis zone of the

late Lower Mohnian stage age (Foss and Blaidsell 1968). Some of the characteristic foraminifers

found in this zone consists of Pulvinulinella gyroidnaformis (PG) and Uvigerina hootsi (Foss and

Blaidsell 1968). The internal reports indicate the paleo-environment is upper middle bathayal

with a depth range of 500 to 1,500 meters (1,640 to 4,921 feet).
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Figure 14. Key wells in the study area with wireline and core data used for the facies analysis.

Mudlogs:

By expanding on Maher et al.’s (1975) work, lithologic trends were determined from drill

cuttings in mudlogs. Mudlogs provide a means to observe and describe the textural

characteristics of rocks under a microscope. This is used for identifying the distribution of

biogenic and detrital components in a well. Mudlog lithologic interpretations are dependent on

the experience of mudlogging geologists, sample frequency, the age of the logs, and the logging

company. All of these factors introduce a level of subjectivity to the mudlog analysis. For this

thesis, it was not possible to ensure that the same mudlogging geologist interpreted the mudlogs.

The mudlogs, however, did come from the same mudlogging company and were from the 2008

to 2010 time frame. To verify the lithology interpretation between samples, the mudlogs were

calibrated with the wireline logs and with cores, where available. A legend is provided for the

lithology symbols used in the mudlogs (Figure 15). The criteria used for the lithology
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identification are based on texture, fracture, luster, hardness (steel scratch test), reaction to HCl,

and fissility as defined in figure 6.

Figure 15. Mudlog legend from Canrig.

Gamma Ray Logs (GR):

The gamma ray logs provide a non-unique measurement of all the primary sources of gamma

radiation from sedimentary rocks. The primary sources consist of uranium, potassium, and

thorium that control the level of radioactivity in the rock. The tool is made up of a highly

sensitive gamma ray detector, which consists of a scintillation counter composed of a thallium-

contaminated sodium iodide crystal and a photomultiplier. When the natural gamma rays from

the unstable radioactive elements in the rock strike the sodium iodide crystal, a flash is emitted.

It is amplified and then converted to an electronic signal and recorded by the photomultiplier

(Bassiouni, 1994). The gamma log is recorded in API units.
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This tool is used in detecting variation in clay-sized detrital materials, which tend to contain a

higher proportion of radioactive material, hence a higher API value. The high radioactivity is due

to the absorption of potassium by clays such as illite. In the presence of organic-rich sediments,

the abundance of uranium tends to increase the API value of the gamma ray log as well. This is

due to the precipitation of uranyl carbonate complexes under reducing conditions on organic-rich

sediments (Wignall and Myers, 1988). Cherts, porcelanites, dolomites, and clean sandstones tend

to contain less radioactive components, thus exhibiting a lower API reading. Similar to the work

done by Hornafius (1991), this study incorporated the use of gamma log as part of the composite

log in identifying the depositional facies.

Density (RHOB) and Neutron (NPHI) Logs:

The density tool is used to measure the bulk density of the rock. The tool consists of a source and

two detectors. The source emits gamma rays into the formation while being held in contact with

the borehole wall. Based on the principal of Compton scattering, there is an interaction between

the emitted gamma photon and electrons in the formation. Due to this interaction, some gamma

rays are absorbed, others are scattered away from the detectors, and some are scattered back

towards the detectors. The loss in energy recorded by the detectors due to the scattering

represents the density of the formation (Bassiouni, 1994). The density log is recorded in grams

/cubic centimeters (g/cm3).

The neutron log measures the porosity of the formation. The tool is comprised of a radioactive

source. It bombards the formation with fast neutrons and a sensor that detects the slowed

neutrons, which are deflected back to the tool due to elastic scattering. The hydrogen atoms
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present in the rock slow these neutrons. Therefore, the tool is sensitive to the hydrogen content

from water and hydrocarbons present in the pore space of the formation (Bassiouni, 1994) and in

the clay crystal lattice. The neutron log is recorded as a decimal form of percentage.

In the method used by Schwalbach et al (2009) from the previous studies, the density (RHOB)

and neutron (NPHI) logs were plotted and scaled on the same log track to quantify the clay

detritus volume and determine the silica phase (Figure 16). In low detritus quartz phase rocks,

the density and neutron log curves normally overlay each other. When the density log shifts right

of the neutron log, a separation occurs. This separation is indicative of high clay detritus quartz

phase rocks. When the density log shifts left of the neutron log, this is known as a crossover

effect that suggests the presence of CT phase rocks or hydrocarbon gas. The separation between

the density (RHOB) and neutron (NPHI) logs is quantified as a function of NPHI porosity units.

In the current analysis, the RHOB and NPHI logs were included as part of a composite log to

validate this methodology.

Natural Gamma Spectroscopy (NGS):

The natural spectral gamma logs measure the levels of each of the primary radioactive source

elements: uranium (U), potassium (K), and thorium (Th) in the rock. This tool evaluates the flash

emitted from the scintillation detector as a spectrum. From this spectrum, the energy peaks

associated with the decay of thallium (TI208) , bismuth (Bi214), and potassium (K40) are attributed

to the sources of thorium (Th), uranium (U), and potassium (K), respectively (Bassiouni, 1994).

Potassium is recorded as a percentage (%) and uranium and thorium are recorded in parts per

million (ppm).
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For this study, all elements (uranium, potassium, and thorium) are converted to API units as

provided by the logging company. Uranium is associated with organic matter, phosphatic

sediments, bottom water environments, and slow sedimentation (Schwalbach, 1992). It is used to

determine depositional environments, diagenetic processes, and petroleum source rocks

(Schwalbach, 1992, Durham, 1987, Wignall and Meyers, 1988). Both potassium and thorium

(except when associated with volcanic ash) are used as indicators for detrital and clay content

(Schwalbach, 1992). Potassium occurs within clays such as illite and as potassium feldspar in

sandstones. Thorium is found in clays such as kaolinite and smectite (Quirein et al. 1982).

Figure 16. Example of the modified neutron (NPHI) and
density (RHOB) log method used by Schwalbach et al
(2007) to determine clay detritus and silica phase.
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The ratio of thorium to potassium (Th/K) is used to determine the clay type (Quirein et al. 1982).

A high Th/K ratio of 12 suggests thorium-rich kaolinite, a moderate Th/K ratio (3.5 to 12)

indicates mixed clays (illite and smectite), and low Th/K ratio (0.8 - 3.5) indicates potassium-

rich illite clays. However, for low Th/K ratios (less than 0.8), feldspars appear as the dominant

detrital material (Quirein et al. 1982). A decrease (less than 1.25, +/- 0.25) or increase (greater

than 4, +/- 1) in Th/U ratio has been used to identify anoxic or oxic environments, respectively

(Schwalbach, 1992; Adams and Weaver, 1958). For this study, the potassium, thorium, and

uranium of natural spectral gamma log were plotted as tracks on a composite log. The

corresponding log responses were used to determine the electro-facies and interpret the

depositional environments.

Elemental Capture Spectroscopy (ECS) Logs:

This tool goes further in relating the gamma ray and the natural spectral gamma ray intensities to

measuring the elemental concentrations that comprise the mineralogy of the rock. The

measurement is taken using an americium-beryllium (AmBe) neutron source, which introduces

moderate energy neutrons into the surrounding borehole. A scattering reaction takes place as

these neutrons lose their energy. This energy is absorbed by the borehole, the formation, and the

tool (Herron and Herron, 1996; Galford et al., 2009). From this scattering and absorption

reaction, characteristic gamma ray energy signals are emitted from the rock surrounding the

wellbore. The spectrum of gamma ray signals are detected and recorded using a bismuth

germanate (BGO) scintillation detector, a highly-sensitive photomultiplier, and a multi-channel

pulse height analyzer (Herron and Herron, 1996; Galford et al., 2009). A weighted least-squares

analysis is used to obtain the individual contribution of elements such as silicon, calcium, iron,
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sulfur, potassium, titanium, magnesium, and aluminum. The relative element concentrations are

converted to elemental weight fractions using an oxide closure model (Galford et al, 2009).

Based on work done by Herron and Herron (1996), the following relationships were established

between the elements and sediments:

 Aluminum shows a strong positive correlation to clays and silicon shows a negative

correlation to clays.

 Calcium and magnesium represent the carbonate content of the rock.

 Iron and sulfur are normally associated with heavy minerals and clay.

 Potassium correlates with clay (illite).

 Titanium is enriched in shales.

For this study, the calculated weight fractions from this log for silicon were used as a proxy for

silica, while calcium and magnesium were used to determine the carbonate fraction. The relative

detritus percentage was determined by summing the remaining dry weight percentages of

aluminum, iron, sulfur, potassium, and titanium. The relative percentage curves of the silica,

detritus, and carbonate were then plotted on the composite log. The estimated silica, detritus, and

carbonate log curves, as well as the natural gamma ray curves (potassium, uranium, and thorium)

were used in a composite log to develop electro-facies logs for six key wells in the study area.

Electro-facies:

The electro-facies log was derived for six key wells using the natural spectral gamma log and the

elemental capture spectroscopy (ECS) log (table 2 in Figure 17). For the eight key wells that did

not have the ECS log, the electro-facies were determined using the natural spectral gamma log

(table 1 in Figure 17). The estimated lithologies were then color-coded (Figure 17) and included
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as part of a composite log. The lithology determined by electro-facies was then calibrated against

the mudlog and core.

Figure 17. Logic used to determine the electro-facies.

Composite Log:

The purpose of the composite log is to identify the litho-facies groups, stacking pattern,

environment, clay type, and calibrate the electro-facies to mudlog and the other wireline logs. In

the composite log template, the qualitative descriptions are defined for the determination of the

litho-facies, environment, and clay type (Figure 18). The composite logs for key wells were used

to represent the lithological variation between banktop, upper slope, and lower slope or basinal

facies in the study area.
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An example of a composite log is shown in figure 19.

F
ig

u
re

18
.

D
ef

in
it

io
n

of
th

e
cu

rv
es

,
th

e
q

ua
li

ta
ti

ve
de

sc
ri

pt
io

n,
an

d
th

e
ap

pl
ic

at
io

n
of

th
e

qu
al

it
at

iv
e

de
sc

ri
pt

io
n

fo
r

li
th

o-
fa

ci
es

de
te

rm
in

at
io

n,
en

vi
ro

nm
en

t
,

an
d

cl
ay

ty
pe

.



30

Figure 19. Composite log (curve definition on Figure 18), from left to right: track 1 - depth (feet), track 2 - total

gamma ray (GR) log, track 3 - potassium (GRK) log, track 4 - thorium (GRTH) log, track 5 - uranium (GRU) log,

track 6 - thorium/uranium (Th/U) ratio curve, track 7 - thorium/potassium (Th/K) ratio curve, track 8 - density log

(RHOB) and neutron log (NPHI), track 9 – silica log, track 10 - detritus log, track 11 – carbonate log, track 12 -

estimated electro-facies (Figure 17), and track 13 - mudlog lithology (Figure 15).
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Core and X-ray diffraction (XRD) Analysis:

Cores provide the ability to visually describe the rocks based on textural components, bedding

(using Campbell, 1967), and sedimentary structures. The cores were logged at Core Lab with a

measurement taken every 1 to 2 inches for the total gamma ray (API units), potassium

(percentage), uranium (ppm), and thorium (ppm). These logged cores were plotted and scaled

against the wireline logs for calibration.

XRD measurements were made at Core Lab on core and drill cuttings to determine the

mineralogical composition and the silica phase in biosiliceous rocks. For this measurement, the

samples were cleaned, powdered, and dried. The clay fraction was separated from the whole rock

using a sodium phosphate solution. The XRD analyses were conducted on both the rock and clay

fraction using a diffractometer with a copper source. X-rays were directed onto the sample.

Based on Bragg’s law, a diffracted signal was produced from the sample. This diffracted signal

was detected, converted to count rates, and recorded on a diffractogram (count rates vs.

diffraction angles). Based on the positions and peaks on the diffractogram, a semi-quantitative

method was used for the determination of whole rock mineralogy and clay mineral amounts as

percentages per sample (Core Lab report and Flohr, 1997). The whole rock mineralogy and total

clay mineral percentages were normalized and plotted on the ternary diagrams.

In addition, the quartz crystallinity index (QCI) popularized by Murata and Norman (1976), is

used to determine the unique signature of the diagenetic quartz. This index enhances the ability

to determine the relative amounts of biogenic versus detrital material in the quartz phase. The

index consists of a range from zero to 10. Biogenic silica has a QCI of less than three, and the
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QCI increases as the amount of detritus increases. For this thesis, only quartz samples with QCI

greater than 5 were considered as detrital. The compositional data from X-ray diffraction (XRD)

for ten wells was plotted and compared. This comparison was done using the ternary schemes

provided by Schwalbach (1992) and Montgomery and Morea (2001). Four wells with XRD data

were calibrated against the natural spectral gamma ray and elemental capture spectroscopy log to

correlate the composition determined between the core and geo-chemical logs. Based on the

XRD data, a map was created to show the average distribution of the biosiliceous silica in the

study area. In addition, a comparison of true stratigraphic thickness versus average composition

from XRD (Hornafius, 1991) and ECS logs for each field was documented for six of the key

wells.

Cross Sections:

Cross sections provide an effective method to display vertical and lateral facies changes

(Hornafius, 1991, Schwalbach 1992). Two major stratigraphic cross sections are provided for the

study area. For these cross sections, the McDonald Shale was used as the horizontal datum.

Cross section A extends from the Railroad Gap field southeast to the 31S structure at Elk Hills

(Figure 20 A-A’), while cross section B extends from the Railroad Gap field to the East Dome of

Buena Vista (Figure 20 B-B’). The potassium and uranium curves from the spectral gamma ray

log and the silica and detritus curves from the elemental capture spectroscopy log were used to

show the facies changes across the study area.
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Figure 20. Map showing location of wells and cross sections.
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Analysis

Subsurface Maps:

The structure contour map for the top of the basal Antelope shale (Figure 21) provides a view of

the highs (< -6000 feet), slopes, and lows (> -8000 feet) within the boundary of the study area.

These structural highs and lows are similar to the top of the Antelope shale sub-surface anticlinal

structures (Figure 3). The true stratigraphic thickness (TST) map of the PG unit (Figure 22)

shows the basal Antelope shale thins over the anticlinal structures. There is less than 200 feet of

thickness at Railroad Gap field and the 29R structure of Elk Hills. At Asphalto and the 31S

structure at Elk Hills, the thickness varies between 200 feet and 300 feet. The PG unit shows a

thickness greater than 400 to 500 feet on the West and East Domes of Buena Vista field.

Figure 21. Structure contour map of the top of the basal Antelope shale (PG chert unit) in the study area (CI = 500
ft).
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Figure 22. True stratigraphic thickness (TST) contour map of the basal Antelope shale (PG chert unit) from key
wells in the study area. 100 ft contour intervals in grey. Annotations in red are the TST in each well.

The thickness of the basal Antelope shale increases from 200 feet at the 29R structure in the

western part of the study area to 800 feet in the North Coles Levee field east of Elk Hills. This

increase in thickness is in agreement with the Maher et al. (1975) study.

The observation that the basal Antelope Shale thins over the structural highs on the structure map

(Figure 21) suggests that Railroad Gap, Asphalto, Elk Hills, and Buena Vista anticlines were

topographic highs on the seafloor during deposition as well. The true stratigraphic thickness map

(Figure 22) indicates that the Railroad Gap, Asphalto, and 29R anticlines had less

accommodation space for sediments to accumulate compared to 31S and Buena Vista field

anticlines at the time of the PG deposition. This suggests that the 31S (Elk Hills) and Buena
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Vista anticlines were likely topographically lower than Railroad Gap, Asphalto, and 29R (Elk

Hills) anticlines during the deposition of the basal Antelope shale. This fits with the paleo-

bathymetry study done by Bandy and Arnal (1969) for the early Mohnian, which indicated a low

area around Buena Vista field extending towards 31S structure. This structure and thickness

interpretation across the study area would indicate that the facies accumulation at Railroad Gap,

29R, and Asphalto would likely represent banktop to upper slope conditions while Elk Hills and

Buena Vista would likely represent lower slope to basinal settings (Figure 23).

Figure 23. Schematic of basal Antelope shale depositional facies in the study area.

In the next section, the composite log is used to determine how the litho-facies and stacking

patterns represent the inferred banktop to basinal conditions in the study area.
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Litho-facies and Stacking Patterns:

In this section, three key wells (Figures 19, 25, and 26) were chosen to represent the banktop,

upper slope, and lower slope to basinal facies in the study area. Additional examples are

provided in Appendix A. The composite log is used to determine the litho-facies, vertical

stacking patterns, environment, and clay type within the basal Antelope shale. The litho-facies

are determined (Figure 17) and compared against the mudlog and cores as part of a composite

log (Figure 18).

In applying the composite log (Figure 18) criteria to each of the key wells (Figures 19, 25, 26,

and Appendix A) the following observations appear repeatedly for each of the key wells and the

associated facies:

1) The chert and shale facies were deposited under anoxic conditions (low Th/U ratio) while

the sandstone facies were deposited under slightly oxic conditions based on the moderate

to high Th/U ratio.

2) The shales and sandstones facies tend to exhibit moderate to high clay content while the

chert facies exhibit low clay content based on density and neutron log separation.

3) The chert and shale facies appear to be dominated by potassium-illite clays (low Th/K

ratio) with minor portions of illite-smectite (moderate Th/K ratio) and feldspars in

sandstones based on the low Th/K ratio.

4) The absence of density and neutron crossover indicates quartz phase in chert facies.

5) On the ECS log, the high carbonate spikes were determined as dolomite beds and the

moderate carbonate values in the shales represented the calcareous shales.
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6) The high thorium values were determined as volcanic material mainly associated with the

sandstone and shales facies.

7) The high uranium values were indicative of organic content associated with the shale

facies.

Banktop Facies:

Well 14 is located on the crest of the Railroad Gap structure (Figure 14). The facies determined

for this well consist of upper chert, middle shale, and lower chert facies (Figure 18 and 19). This

well represents banktop facies in the study area. The electro-facies were not determined above

6,750 feet, which is where the ECS log begins.

The upper chert facies (Figure 19) ranges from 6,680 feet to 6,760 feet with shale content

increasing with depth. The mudlog drill cuttings indicate porcelanites, glassy and argillaceous

cherts, siliceous shale, clay shales, and minor amounts of marl, dolostones/limestone, and

volcanic ash. Cores were taken from 6,703 feet to 6,746 feet. The core total gamma ray, thorium,

uranium, and potassium measurements from XRD analysis (black data points in Figure 19)

calibrate well with the wireline logs. The cherts are described as having a smooth texture,

conchoidal to sub-conchoidal fracture, vitreous to sub-vitreous luster, hard to very hard, micro-

laminated with wavy to discontinuous laminations, and containing traces of phosphatic debris.

The siliceous shales have a smooth to abrasive texture, irregular fracture, dull to vitreous luster,

hard to very hard, non-fissile, micro-laminated and contain phosphatic debris, and calcite-filled

fractures. The shales have a smooth to abrasive texture, irregular fracture, dull luster, are

moderately hard, thin laminations, and contain microfossils and phosphatic debris.
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The representative section of the core (Figure 24) highlights the downward change in lithology

from interbedded siliceous mudstones and clay rich mudstones to micro-laminated cherts,

porcelanites, and siliceous mudstones. Higher fracture intensity is observed with the increase in

chert beds. Carbonate appears to fill the fractures.

Figure 24. Well 14 plain and UV core photo. A representative section of the chert facies is shown from 6,703 ft to

6,706 ft, 6,712 ft to 6,715 ft, and 6,734.7 ft to 6,737.6 ft.
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The middle shale facies (Figure 19) extends from 6,760 feet to 6,815 feet and consists primarily

of shale drill cuttings and minor amounts of porcelanites (identified in the mudlog but not

described). From the composite log (Figure 19), shales are the dominant facies with minor chert

facies. The shale samples have a smooth to abrasive texture, dull luster, are moderately hard, are

moderately fissile, and contain traces of phosphatic and calcareous material.

The lower chert facies (Figure 19) extend from 6,815 feet to 6,890 feet. The shale facies increase

with depth along with an increase in carbonate content. The drill cuttings indicates dominantly

glassy cherts along with argillaceous cherts, low to high detritus porcelanites, shales, limestone,

marl, and volcanic material. Only the glassy cherts are described in the mudlog. The glassy chert

drill cuttings have a smooth texture, conchoidal fracture, vitreous luster, are hard, and contain

some calcareous nodules. From the mudlog, the shale drill cuttings increases with depth.

Two additional composite logs, one from Railroad Gap (Well 13), and the other from Asphalto

(Well 2) exhibiting banktop facies are shown in Appendix A. A representative core sample of the

chert facies from well 13 is provided in Appendix A as well. Well 13 contains an upper shale

facies overlying the upper chert facies while Well 2 contains a higher shale presence in the upper

chert facies.
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Upper Slope Facies:

Well 3 is located on the southern end of the Asphalto anticline (Figure 14). This well represents

the upper slope facies in the study area. Three litho-facies were determined for the basal

Antelope shale: upper chert, middle sandstone, and lower chert and shale facies (Figure 24).

The upper chert facies (Figure 25) consists primarily of porcelanite drill cuttings. The composite

log (Figure 25) indicates chert as the dominant facies along with minor shale. The high carbonate

curve response correlates with dolomite at 9,600 feet; however, this was not identified on the

mudlog.

In the 50-foot interval from 9,600 feet to 9,650 feet, the drill cuttings are described as having a

gritty to abrasive texture, a splintery fracture, moderately brittle, a dull to sub-resinous luster, and

are hard to very hard. Thin visible laminations are observed in these drill cuttings. The gritty

texture indicates the presence of fine-grained sand or silts.

The middle sandstone facies (Figure 25) extends from 9,650 feet to 9,750 feet. It consists mainly

of sandstones with minor amounts of volcanic material. From the composite log (Figure 25), the

sandstones are the main facies identified in this section. The sandstone facies grade upward to

shale facies at the top of the section. The grading upward from sandstones to shales is interpreted

as turbidite type deposition of the sandstones facies. The calcareous nature of the shales becomes

more apparent with depth.



42

Figure 25. Composite log (curve definition on Figure 18), from left to right: track 1 - depth (feet), track 2 - total

gamma ray (GR) log, track 3 - potassium (GRK) log, track 4 - thorium (GRTH) log, track 5 - uranium (GRU) log,

track 6 - thorium/uranium (Th/U) ratio curve, track 7 - thorium/potassium (Th/K) ratio curve, track 8 - density log

(RHOB) and neutron log (NPHI), track 9 – silica log, track 10 - detritus log, track 11 – carbonate log, track 12 -

estimated electro-facies (Figure 17), and track 13 - mudlog lithology (Figure 15).
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The sandstone drill cuttings are described as tight with fine to very fine grained sands that are

well sorted. The sand grains appear angular to sub-angular. Siliceous cement is noted in the

samples. The samples also show laminations grading to shale. The bottom of this section consists

mainly of volcanic material interbedded with the sandstones based on high thorium (Track 4).

The lower chert and shale facies (Figure 25) extend from 9,750 feet to 10,010 feet. Using the

composite log (Figure 25), the upper section (9,755 to 9,785 feet) is dominated by chert facies

and volcanic material. In the middle section (9,785 to 9,905 feet), the cherts exhibit character

similar to those in the upper section. The sandstone facies exhibit an increase in shale content. In

the lower section (9,905 to 10,010 feet), the cherts, shales, and sandstone facies exhibit similar

log responses as in the upper and mid section. The high Th/K ratio (Track 7) in the upper section

is associated with mixed illite smectite clays interbedded with the cherts. The mudlog drill

cuttings consist mainly of argillaceous cherts and porcelanites with increasing siliceous and clay

shales with depth.

From the mudlog descriptions, the argillaceous chert drill cuttings exhibit smooth to matte

texture, blocky to conchoidal fracture, sub-resinous to glassy luster, and are hard to very hard

(Figure 25). The porcelanite descriptions are the same as the upper chert facies. The siliceous

shale drill cuttings have a smooth to gritty texture, planar to irregular fracture, sub-resinous to

dull luster, and are moderately hard to hard with irregular flaky fissility. These shale drill

cuttings are denoted as silica-rich and non-calcareous. The clay shales present are friable to hard

and have a dull luster. The samples contain slightly visible interbedding with moderately
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calcareous material. The volcanic materials present are waxy with intense yellow mineral

fluorescence.

The composite log of well 12 in Appendix A represents another example of the upper slope

facies in the study area on 29R at Elk Hills. In Well 12, there is a higher presence of shale in the

upper chert facies and middle sandstone facies. The lower chert facies exhibits an increased

amount sandstone facies.

Lower Slope to Basinal Facies:

Well 4 is located on the West Dome structure at Buena Vista field (Figure 26). Four litho-facies

were determined within the PG interval: upper chert, upper sandstone, middle shale, and lower

sandstone and shale facies (Figure 26). This well represents the lower slope to basinal facies in

the study area. The black data points (Figure 26) at 7,650 show core to log calibration of the total

gamma ray, thorium, uranium, and potassium.

The upper chert facies (Figure 26) extends from 7,650 feet to 7,760 feet. From the composite log

(Figure 26), the chert facies is dominant with sandstone facies and silts increasing in abundance

with depth. The presence of silts is characterized by low potassium (Track 3), low thorium

Track 4), low uranium, low detritus, and moderate silica (Figure 17). The high Th/K ratio

(Track 7) is indicative of volcanics and mixed clays (illite and smectite) in the silts. A total of 35

feet of core was taken through this facies interval.
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Figure 26. Composite log (curve definition on Figure 18), from left to right: track 1 - depth (feet), track 2 - total

gamma ray (GR) log, track 3 - potassium (GRK) log, track 4 - thorium (GRTH) log, track 5 - uranium (GRU) log,

track 6 - thorium/uranium (Th/U) ratio curve, track 7 - thorium/potassium (Th/K) ratio curve, track 8 - density log

(RHOB) and neutron log (NPHI), track 9 – silica log, track 10 - detritus log, track 11 – carbonate log, track 12 -

estimated electro-facies (Figure 17), and track 13 - mudlog lithology (Figure 15).
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The mudlog drill cuttings description notes the presence of argillaceous and glassy cherts.

The cherts exhibit conchoidal to irregular fracture, glassy luster, and are hard and brittle

(Figure 26). Argillaceous cherts are interbedded with glassy cherts. The samples are described as

highly interbedded with shales, silts, and felsic sandstones. Volcanic material is identified at the

top of the interval. The volcanic components are part of debris flows that give way downward to

cherts and porcelanites. The sandstones are described as fine-grained.

A representative section of the core (Figures 27 and 28) indicates three major lithologies: thin

interbedded cherts and porcelanites, medium-bedded shales, and sand and mud-dominated, thick,

debris flow beds. Key sedimentary features, apart from the thick debris flow beds, are the

repeated interbeds of the cherts and porcelanites below medium-bedded shales. The chert and

porcelanite beds are very thinly laminated compared to the medium-bedded shales.

The upper sandstone facies (Figure 26) extends from 7,760 feet to 7,820 feet. The composite log

(Figure 26) indicates mainly sandstone facies with limited interbedded shales. This log character

is interpreted as distal turbidite sand and shale sequences. The shales facies exhibit a moderate

calcareous content.

The mudlog description highlights the fining upward nature of fine-grained sandstones to

siltstones and the regular occurrence of interbedded mudstones. The carbonate material

delineates the thin bedding in the sandstones and siltstones.
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Figure 27. Well 4 plain and UV core photo. The top of the chert facies and the transition sand above it is present

from 7,649 ft to 7654 ft.
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Figure 28. Well 4 plain and UV core photo. A representative section of the sandstone dominated debris flows is

shown from 7,669 ft to 7,672 ft. The underlying interbeds of chert and shale from 7,683 ft to 7,685 ft core continued

from Figure 25.
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The middle shale facies (Figure 26) occurs from 7,825 feet to 7,920 feet with the major lithology

consisting of shale. From the composite log (Figure 26), the shales are the dominant facies and

the high uranium values indicate organic rich shales. Sandstones and siltstones are often

interbedded with the shale facies.

The shale drill cuttings are described as having a smooth to silty texture, irregular fracture, a dull

luster, and are soft to moderately hard. The presence of calcareous marl produces a strong

reaction to HCl. The samples exhibit bedding that is mainly massive with some fine laminations.

The lower sandstone and shale facies (Figure 26) occurs from 7,920 feet to 8,125 feet. From the

composite log (Figure 24), this section is characterized by interbedded sandstone and shale

facies. The interbedded silt, as determined by the electro-facies (Figure 17), is found at the top

and bottom of this interval. The volcanic material associated with the sandstone facies at 8,038

feet (Track 4 ) is not noted on the mudlog. Low to moderate clay content is observed in the

sandstone facies. The moderate carbonate values correspond to calcareous material in the

sandstone facies.

The mudlog drill cuttings in this section consist of interbedded sandstones and shales. The

sandstone drill cuttings are described as fine to coarse-grained, sub-angular and exhibit some

reaction to HCl. Compared to the middle shale facies, the lower shales exhibit a strong reaction

to HCl. Phosphatic debris and carbonate material are commonly found in the shale samples.
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Two additional composite logs (Wells 5 and 6) from the East Dome at Buena Vista in Appendix

A represent lower slope facies in the study area. The two composite logs from the 31S structure

at Elk Hills in Appendix (Wells 11 and 8) exhibit a lower slope to basinal facies in the study

area. Wells 11 and 8 at Elk Hills in Appendix A appear basinal because of the increased amount

of siltstones present. A representative core section of the lower shale facies for well 11 is

provided in appendix A.
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XRD Analysis:

XRD data were plotted and compared using two ternary diagrams, one based on Schwalbach’s

(1992) end members and the other used by Montgomery and Morea (2001) for each of the fields

in the study area (Figures 29-32). In addition, the XRD data points were calibrated against the

wireline logs and color-coded to represent the derived electro-facies (Figure 17). For the XRD to

log calibration, the XRD data was depth-shifted no more than eight feet to fit the log.

For the Asphalto field, the ternary diagram A (Figure 29) shows a cluster that is more biogenic

than carbonate. In diagram B, in the absence of carbonates, the distribution is biogenic with more

clay content rather than detrital quartz and feldspars. The XRD data (calculated detritus)

calibrates well with the potassium (GRK) log response (Figure 29). Well 2 in figure 29 shows

the color-coded electro-facies for the XRD data points. Three of the four (75%) color-coded

electro-facies XRD data points correlate with porcelanites of the chert facies. Well 1 (Figure 29)

was not color-coded because the natural spectral gamma log or elemental spectroscopy logs were

not available to determine the electro-facies.
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Figure 29. Ternary diagrams for Asphalto field for wells 1 & 2 with well 2 XRD and GRK calibration shown as

brown dots on the log. The ternary diagram A represents the Schwalbach (1992) scheme and B represents the

Montgomery and Morea (2001) scheme.
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For the Buena Vista field (Figure 30), the ternary diagram A shows the presences of biogenic

silica-rich sediments and detrital-rich sediments. In diagram B, the distribution indicates

biogenic silica-rich sediments and the detrital components are dominated by detrital quartz and

feldspars rather than clays. The XRD data for silica, detritus, and carbonate calibrates with the

estimated silica, detritus, and carbonate values from the elemental capture spectroscopy log and

the potassium (GRK) log from the natural spectral gamma log responses (Figure 30). The XRD

detritus exhibits a better correlation with the GRK than the estimated detritus from the ECS log.

From the color-coded electro-facies for the XRD data point (Well 4, 5 and 6 in figure 30), nine

of the twelve data points (75%) exhibit a positive correlation with the chert (5 data points),

siltstone (1 data point), and sandstone (3 data points) facies respectively. The sandstones in the

debris flows at Buena Vista contain biogenic and detrital- rich silica therefore those data points

do not appear to plot correctly on the ternary diagrams.
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For the Elk Hills field (Figure 31), ternary diagram A shows a higher amount of detrital

sediments with limited biogenic and carbonate material while diagram B represents clay content

in the biogenic sediments and minor detrital quartz components. The XRD data calibrates fairly

well with the silica, detritus, and carbonate curves from the elemental capture spectral log and

the potassium (GRK) wireline log data (Figure 31). The XRD detritus exhibits a better

Figure 30. Ternary diagram for Buena Vista

field for wells 4, 5, & 6 with well 4 XRD,

ECS, and GRK calibration. The ternary

diagram A represents the Schwalbach (1992)

scheme and B represents the Montgomery

and Morea (2001) scheme.
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correlation with the GRK than the estimated detritus from the ECS log. The electro-facies for the

two XRD data points for well 11 shows a positive correlation with sandstone facies. Both data

points lie near the edge of the siltstone and sandstone boundary in diagram B (Figure 31). The

electro-facies for well 10 (Figure 31) was not color-coded because the natural spectral gamma

log and elemental spectroscopy logs were not available to determine the electro-facies and

calibrate XRD to log. The XRD data distribution from well 10 (Figure 31 diagram A) suggests

that three of the six data points have increasing detrital silica (QCI between 3 and 5) and clay. In

Figure 31, diagram B for well 10 two of the data points fall within the siliceous shale and

siltstone boundary and one within the siltstone boundary. It should be noted that siltstones are

considered part of the sandstone facies.
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For the Railroad Gap field (Figure 32), the ternary diagrams A and B show a distribution that is

more biogenic than detrital (clay rather than detrital quartz and feldspars). Twelve of the sixteen

(75%) color-coded electro-facies XRD data points correlate with porcelanites in the chert facies

(Figure 32). The XRD data calibrates with the potassium (GRK) wireline log data (Figure 32).

The electro-facies for well 15 (Figure 32) was not color-coded because the natural spectral

gamma log or elemental spectroscopy logs were not available to determine the electro-facies.

Figure 31. Ternary diagram for Elk Hills

field for wells 10 and 11 with well 11 XRD,

ECS, and GRK calibration. The ternary

diagram A represents the Schwalbach

(1992) scheme and B represents the

Montgomery and Morea (2001) scheme.
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Figure 32. Ternary diagram for Railroad Gap field for wells 13 and 15 with Well 13 XRD and GRK calibration

shown as brown dots on log. The ternary diagram A represents the Schwalbach (1992) scheme and B represents the

Montgomery and Morea (2001) scheme.
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The higher concentration of biosiliceous rocks in the XRD data is found at the Railroad Gap and

Asphalto field. This indicates the presence of banktop or upper slope environments (Reid, 1995;

Webb, 1981; Graham and Williams, 1985) that allowed accumulation and preservation without

significant detrital influence. At Buena Vista and Elk Hills, the mixture of biosiliceous and

detrital-rich sediments likely represents lower slope settings (Reid, 1995; Webb, 1981; Graham

and Williams, 1985). From calibration of cores to wireline logs, it appears that the XRD data

(core), potassium (GRK) log (natural spectral gamma log), derived silica, and detritus log (ECS

log) correlate fairly well. The derived electro-facies showed a positive correlation 75% of the

time with the XRD data. This was calculated based on having 26 of the derived color-coded

electro-facies corresponding with the correct lithology on the ternary diagrams out of the 34

XRD data points in the study area.
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Cross Sections

Two cross sections were constructed across the study area (Figure 20) to highlight the

distribution of facies and thicknesses.

In the cross sections, the potassium (GRK) logs and electro-facies track are used to represent the

clastic detritus distribution across the study area. From west to east (well 13 to well 8) (Figure

33) and northwest to southeast (well 13 to well 6) in figure 34, an increase in detritus (sandstone

and siltstone facies – yellow and orange) is observed to replace the lower biosiliceous chert

facies (pink) in well 13 in the western part of the study area (Railroad Gap). The upper

biosiliceous chert facies appears to have been preserved in well 13 at Railroad Gap all the way

east to the 31S structure at Elk Hills and the West and East Domes at Buena Vista. It should be

noted that well 14 in figure 33 and 34 has the least thickness because it represents a structural

high (Figures 21 and 22)
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Using the same cross-section lines (Figure 20), the uranium (GRU) log and electro-facies track

are compared across the study area. Uranium is found associated with organic-rich sediments,

bottom water environments, and slow sedimentation (Schwalbach, 1992). This shows the

distribution of organic-rich sediments in the study area.

The uranium (GRU) curve in the cross sections (Figures 35 and 36) exhibits high values (red) for

the wells at Railroad Gap (wells 13 & 14) as well as part of well 2 at Asphalto and well 13 on the

29R structure at western Elk Hills. The wells at Buena Vista (wells 4, 5, & 6), south end of

Asphalto (well 3), and at the 31S structure at Elk Hills (wells 11 and 8) have overall moderate to

low uranium (GRU) log values (blue). The chert and shale facies contain higher uranium content

relative to the sandstone facies. The uranium distribution across the study area suggests that in

the western part of the study area at the Railroad Gap, northern Asphalto, and the 29R structure

at Elk Hills field, the high uranium response (red) is likely due to preservation of organic-rich

sediments in banktop or upper slope environments (Reid, 1995; Webb, 1981; Graham and

Williams, 1985). At Asphalto (south end), Buena Vista, and the 31S structure at Elk Hills,

clastic-rich detritus (blue) diluted the uranium-rich shale sediments as deep marine turbidites

occupied basinal and lower slope areas (Reid, 1995; Webb, 1981).
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The detritus log and electro-facies track from the elemental capture spectroscopy log (ECS) for

cross-section A is limited to wells 14, 11, and 8 (Figure 37) and wells 14, 3, 4, and 5 for cross-

section B (Figure 38). The detritus curves in the cross section show that the PG section in well

14 at Railroad Gap field consists of low detritus concentrations that represent banktop

environments while the high detritus concentrations in well 11, 8, 4 and 5 on the 31S structure at

Elk Hills represents lower slope to basinal environments. Well 3 in figure 38 exhibits a high

(above 8,500 ft) and low (below 8,500 ft) detritus response suggesting an upper slope

environment. The high detritus in the upper and lower slope environments tends to reflect the

influence of clastic turbidite sedimentation eroding the biogenic sediments deposited along the

slopes. Overall, the high detritus coincides with sandstone electro-facies, the low detritus

coincides with the chert electro-facies, while the moderate detritus coincides with the shale and

silt electro-facies.
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Figure 37. Stratigraphic cross section A hung on the McDonald Shale shows the detritus curves and electro-facies.
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The silica log and electro-facies distribution (Figures 39 and 40) highlight the distribution of the

chert and sandstone facies in the study area. Greater than 80% (+/- 5%) silica (pink) coincides

with the chert facies while less than 80% silica (yellow) coincides with the sandstone facies. The

high silica content in the lower chert facies at Railroad Gap (well 14) and Asphalto (well 3) is

replaced by moderate silica content in the sandstone facies at Elk Hills (wells 11 & 8) and Buena

Vista (wells 4 and 5). The high silica upper chert facies is present in all fields. The red spikes

coincide with carbonate electro-facies.
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Figure 39. Stratigraphic cross section A hung on the McDonald Shale shows the silica curve and electro-facies.
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Figure 40. Stratigraphic cross section B hung on the McDonald Shale shows the silica curve and electro-facies.
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Thickness and Composition

A comparison is provided for the true stratigraphic thickness versus the average distribution of

the silica, detritus, and carbonate in the basal Antelope shale (Figure 41). This suggests that at

Railroad Gap field, the thickness of the PG unit is less than 200 feet but has the highest amount

of biosiliceous chert sediments. At the Elk Hills and Buena Vista fields, the PG chert unit is

greater than 250 feet but has the highest detritus component. The PG chert unit at Elk Hills field

has a higher detritus content compared to Buena Vista field (Figure 41).

The XRD data indicates an average increase in the carbonate fraction from Railroad Gap to

Asphalto, Buena Vista, and Elk Hills fields. The high carbonate fraction at Asphalto is skewed

due to having two (Figure 29A) out of the ten samples with a high calcite content. Without those

XRD data points the average carbonate is 5%.
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Figure 41. Comparison of thickness and composition from ECS log and XRD analysis.
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Figure 42 is a map showing the average distribution of biosiliceous cherts based on the XRD

data (Figure 41). A decrease in biosiliceous sediments is observed eastward from Railroad Gap

and Asphalto fields to Buena Vista and the 31S anticline at Elk Hills.

Figure 42. Map showing the XRD data (silica, detritus, and carbonate from figure 49) and siliceous fraction

distribution.
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Summary and Interpretation

Litho-facies were determined using limited core, mudlog drill cuttings descriptions, natural

spectral gamma ray logs, neutron density logs, and elemental capture spectroscopy logs. The

electro-facies log was generated using the natural spectral gamma and elemental capture

spectroscopy logs and compared with core, mudlog, and wireline logs.

The gamma log alone is not capable of characterizing litho-facies in the basal Antelope shale.

Generally, a high gamma response indicates shales (Bassiouni, 1994). In the basal Antelope

shale, however, this is not unique and could be interpreted as chert, shale, or sandstone facies.

The elemental capture spectroscopy logs proved essential in distinguishing between the chert and

sandstone facies using the silica and detritus curves. The derived detritus log from the elemental

capture spectroscopy (ECS) measurement correlated fairly well with the potassium (GRK) log

from the natural spectral gamma log and XRD from core. The derived carbonate curve from the

ECS log was effective in detecting dolomites and calcareous-rich shales.

The estimated clay content determined from the separation between the density (RHOB) and

neutron (NPHI) logs displayed a positive correlation between the detritus and potassium (GRK)

log as well. The lack of cross-over between the density (RHOB) and neutron (NPHI) logs was

consistent in determining the presence of quartz phase versus Opal CT in the cherts facies of the

basal Antelope shale.
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The thorium (GRTH) curve and Th/U ratio curve from the natural spectral gamma log were used

to detect oxygen availability in the depositional environment and volcanic content. From the

Th/U ratio curve, the chert and shale facies (Th/U less than 1.25) are characteristic of anoxic

environments while the sandstone facies appeared to exhibit characteristics of slightly oxic

environments (Th/U greater than 1.25). The Th/K ratio curve was used to determine the clay type

(Quirein et al. 1982), with illite being the dominant in the chert and shale facies and the feldspar

content in the sandstone facies. Illite is common in marine sediments (Schwalbach, 1992). The

XRD to electro-facies calibration exhibited a 75% success rate, which indicates further room for

improvement in litho-facies predictability.

From the analysis of the selected wells in the study area, the vertical and lateral litho-facies

groups were determined (Figure 43). The wells from Railroad Gap (well 13 & 14) and northern

part of Asphalto (well 2) fields consist of mainly of chert and shale facies. The 29R structure in

western Elk Hills field (well 12) and well 3 in the southern part of Asphalto field contain minor

sandstone lying between chert and shale facies.
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Figure 43. Schematic of the vertical stacking and lateral distribution of litho-facies for key wells.

At the 31S structure in eastern Elk Hills (wells 11 & 8) and the West (well 4) and East Dome

(well 5 & 6) of the Buena Vista field, a significant amount of sandstone and shale facies occur

below a thin chert facies component.

The presence of the chert facies at Railroad Gap field and northern Asphalto indicates the

presence of a paleo-high (banktop) that allowed for the preservation of these biosiliceous

sediments and prevented dilution by clastic sand influx (Webb, 1981). The biosiliceous

sedimentation was likely controlled by upwelling intensity, diatom productivity, and cooler

climates (Macpherson, 1978, Williams, 1988). The deposition of the shale facies at Railroad Gap

and northern Asphalto field was likely controlled by sea level highs where deposition of clastic

sands were prevented from reaching deeper into the basin (Graham and Williams, 1985) but

where suspended sediments are allowed to accumulate.
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At the south end of Asphalto and the 29R structure at Elk Hills, the presence of mixed clastic

sands and biosiliceous cherts in the lower part of the PG unit suggest the presence of a slope

setting with channeled turbidites in a distal fan environment (Webb, 1981; Macpherson, 1978).

This mix of clastic sand and chert facies corresponds to the litho-facies in the basal Antelope

shale documented in the Maher et al. 1975 study.

At the West and East domes of Buena Vista and the 31S structure of Elk Hills field, a paleo-low

allowed accommodation of thick turbidite sands (Webb, 1981). This influx of clastic sediments

overwhelmed the biosiliceous material and dominated the depositional environment in the east.

From the core data at Buena Vista, the sand and mud-dominated debris flow beds are indicative

of low density turbidite deposits in a mid to distal fan. This area lacks the lower chert facies. At

Elk Hills and Buena Vista, the occurrence of interbedded sandstone and shale facies indicates

sensitivity to sea level fluctuation, climatic changes, and tectonic activity near to the terrigenous

source (Williams, 1988). Wet climatic conditions tend to produce higher erosion and run off than

dry conditions during detrital sedimentation. During the deposition of the chert facies in the

upper PG interval, all anticlinal structures were sufficiently uplifted to allow sufficient

accumulation and preservation of biosiliceous chert sediments at Elk Hills and Buena Vista

fields (Figure 23). Distal turbidite sands sourced from the west and east reaching further into the

basin (Reid, 1995) probably account for the siltstones present in the chert facies at the 31S

structure at Elk Hills and suggest that the 31S structure was not a very prominent structural high

at the time.
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The minor components found in the study area include the carbonates and volcanics. Although

minor, the accumulation and preservation of the carbonates was attributed to warmer climate,

higher relative sea level, and sluggish water circulation that was characteristic of the lower

Mohnian (Webb, 1981, Pisciotto and Garrison, 1981, Graham and Williams, 1985). MacPherson

(1978) attributed submarine volcanism as the source for the volcanic sediments. However the

presence of arc volcanism during the Miocene in areas east and north of the southern Sierra

Nevada (Graham and Williams, 1985, Bartow 1991) were likely to be the source of the volcanic

sediments.
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Appendix A

Composite logs and Cores
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Banktop Facies - Composite log (curve definition on Figure 18), from left to right: track 1- depth (feet), track 2 -

total gamma ray (GR) log, track 3 - potassium (GRK) log, track 4 - thorium (GRTH) log, track 5 - uranium (GRU)

log, track 6 - thorium/uranium (Th/U) ratio curve, track 7 - thorium/potassium (Th/K) ratio curve, track 8 - density

log (RHOB) and neutron log (NPHI), track 9 - estimated electro-facies (Figure 17), and track 10 - mudlog lithology

(Figure 15).
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Well 13 plain and UV core photo. A representative section of the chert facies is shown from 8,182.5 ft to 8,185.3 ft,

8,192.9 ft to 8,196 ft, and 8,214.9 ft to 8,218 ft.
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Banktop Facies - Composite log (curve definition on Figure 18), from left to right: track 1- depth (feet), track 2 -

total gamma ray (GR) log, track 3 - potassium (GRK) log, track 4 - thorium (GRTH) log, track 5 - uranium (GRU)

log, track 6 - thorium/uranium (Th/U) ratio curve, track 7 - thorium/potassium (Th/K) ratio curve, track 8 - density

log (RHOB) and neutron log (NPHI), track 9 - estimated electro-facies (Figure 17), and track 10 - mudlog lithology

(Figure 15).



88

Upper Slope Facies - Composite log (curve definition on Figure 18), from left to right: track 1- depth (feet), track 2

- total gamma ray (GR) log, track 3 - potassium (GRK) log, track 4 - thorium (GRTH) log, track 5 - uranium (GRU)

log, track 6 - thorium/uranium (Th/U) ratio curve, track 7 - thorium/potassium (Th/K) ratio curve, track 8 - density

log (RHOB) and neutron log (NPHI), track 9 - estimated electro-facies (Figure 17), and track 10 - mudlog lithology

(Figure 15).
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Lower slope to Basinal Facies - Composite log (curve definition on Figure 18), from left to right: track 1 - depth

(feet), track 2 - total gamma ray (GR) log, track 3 - potassium (GRK) log, track 4 - thorium (GRTH) log, track 5 -

uranium (GRU) log, track 6 - thorium/uranium (Th/U) ratio curve, track 7 - thorium/potassium (Th/K) ratio curve,

track 8 - density log (RHOB) and neutron log (NPHI), track 9 – silica log, track 10 - detritus log, track 11 –

carbonate log, track 12 - estimated electro-facies (Figure 17), and track 13 - mudlog lithology (Figure 15).
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Well 11 plain and UV light core photo. The base of the lower

shale facies overlying the top of the McDonald Shale is

shown from 6,805 ft to 6,806.5 ft .
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Lower slope to Basinal Facies - Composite log (curve definition on Figure 18), from left to right: track 1 - depth

(feet), track 2 - total gamma ray (GR) log, track 3 - potassium (GRK) log, track 4 - thorium (GRTH) log, track 5 -

uranium (GRU) log, track 6 - thorium/uranium (Th/U) ratio curve, track 7 - thorium/potassium (Th/K) ratio curve,

track 8 - density log (RHOB) and neutron log (NPHI), track 9 – silica log, track 10 - detritus log, track 11 –

carbonate log, track 12 - estimated electro-facies (Figure 17), and track 13 - mudlog lithology (Figure 15).
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Lower Slope Facies - Composite log (curve definition on Figure 18), from left to right: track 1 - depth (feet), track 2

- total gamma ray (GR) log, track 3 - potassium (GRK) log, track 4 - thorium (GRTH) log, track 5 - uranium (GRU)

log, track 6 - thorium/uranium (Th/U) ratio curve, track 7 - thorium/potassium (Th/K) ratio curve, track 8 - density

log (RHOB) and neutron log (NPHI), track 9 – silica log, track 10 - detritus log, track 11 – carbonate log, track 12 -

estimated electro-facies (Figure 17), and track 13 - mudlog lithology (Figure 15).
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Lower Slope Facies - Composite log (curve definition on Figure 18), from left to right: track 1- depth (feet), track 2

- total gamma ray (GR) log, track 3 - potassium (GRK) log, track 4 - thorium (GRTH) log, track 5 - uranium (GRU)

log, track 6 - thorium/uranium (Th/U) ratio curve, track 7 - thorium/potassium (Th/K) ratio curve, track 8 - density

log (RHOB) and neutron log (NPHI), track 9 - estimated electro-facies (Figure 17), and track 10 - mudlog lithology

(Figure 15).
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