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ABSTRACT 

The basal Etchegoin Formation at Elk Hills in the southern San Joaquin Valley of 

California represents a transition from the deep marine siliceous sediments of the Miocene 

Reef Ridge Shale and Monterey Formation to the tidal marine clastics of the Pliocene 

Etchegoin Formation.  The resulting lithology is a heterogeneous mix of clay-rich 

biosiliceous and silty sediments.   

The bimodal lithology makes characterization of the basal Etchegoin from wireline 

logs and core analysis difficult.  Traditional petrophysical analysis of this unit improperly 

estimates porosity, clay content, and water saturation.  Biosiliceous sediments rich in opal-A 

and opal-CT have anomalously low density and high porosity.  Thus, the presence of 

biosiliceous sediments would normally cause the bulk density, or equivalent density porosity, 

to crossover the neutron porosity as the logs pass through these intervals.  However, this 

effect is somewhat suppressed from the addition of detrital grains.  The resultant difference 

(i.e., separation) between density and neutron porosities was found to be a direct indicator of 

non-biogenic silica content in the rock such as clay and clastic detritus.  This separation was 

used in this study as the basis for a petrophysical model customized for use in the basal 

Etchegoin. 

Two key wells were chosen with which to develop core to log correlations for this 

unit and derive the customized petrophysical model that accurately predicts clay, clastic 

detrital, and biogenic silica volumes as well as porosity and water saturation.  Integration of 

conventional logs, core data, mudlogs, and image logs enabled the development of a 

reservoir deliverability indicator as well as pay flags.  The reservoir and pay indicators were 

refined and confirmed with production tests on eight wells. The model was then applied to 

approximately 250 wells throughout the field and porosity and water saturation were 

calculated for each.   

Based on the new log characterization and associated analyses of mudlogs and cores, 

including XRD and thin section descriptions, a clearer picture of the geographic distribution 

of lithologic changes was revealed.  This placed constraints on the depositional history of the 

basal Etchegoin Formation at Elk Hills.  These results are consistent with an initial 



deposition at the end of the Miocene that occurred in deep water, followed by shoaling 

starting at the at the southwest end of the basin, perhaps due to tectonism associated with the 

San Andreas Fault.  During all of the deposition, the western side of the field was proximal to 

the clastic source and consequently has much less biogenic silica than the eastern side.  The 

western side of Elk Hills Field was affected first by the aforementioned shoaling, resulting in 

an almost complete absence of biosilica in the shallower intervals.  This lack of biosilica may 

be related to the lack of nutrient-rich upwellings and, hence, cessation of diatom production 

as the Pliocene progressed and the basin was closed from the sea.  The depositional 

environment eventually yielded to the clastic tidal system of the shallower Etchegoin sands.
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INTRODUCTION 

 

 Wireline logs and core analyses are commonly used to characterize the lithologic and 

fluid properties of sediments.  One such sequence of sediments is the Etchegoin Formation, 

which is typically interpreted to have been deposited in a clastic, shallow marine 

environment in part because of its lithology from which tide-dominated and storm-dominated 

shelf facies associations are inferred (Loomis, 1990).  Deposition of the Etchegoin Formation 

in the southern San Joaquin Valley began at the end of the Miocene and progressed well into 

the Pliocene.  Beneath the Etchegoin are the Reef Ridge Shale and the Monterey Formation, 

which is rich in biogenic silica.   

 The basal Etchegoin at Elk Hills has a lithology which shares characteristics of both 

the underlying and overlying rocks.  The lithology is a clay-rich, heterogeneous mix of 

biosiliceous and silty constituents.  Because of this heterogeneity, it is difficult to 

characterize from wireline log data as well as core analysis.  This thesis endeavors to 

overcome such difficulties through the development of a nontraditional petrophysical model 

useful for quantifying production potential and for mapping geologically meaningful 

lithologic distributions. 

Studies on the Monterey Formation are abundant and several studies have been done 

on the shallower, clastic portions of the upper Etchegoin Formation.  None, however, have 

focused on the transition between the two depositional environments.  Thus, the intent of this 

study is to characterize the geology and associated petrophysics of the basal Etchegoin 

Formation at Elk Hills in the southwestern San Joaquin Valley, California (Figure 1).  Proper 
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characterization of the rock and associated fluids is important because it is necessary for oil 

in place calculations.  Additionally, efficient development of the reservoir hinges on 

understanding the composition and location of the highest quality rock.  In typical reservoirs, 

this is accomplished through log-based petrophysical models predicated upon a single 

lithology.  Unfortunately, traditional log analysis in the basal Etchegoin interval improperly 

estimates porosity, clay content, and water saturation due to the biosiliceous content of the 

mixed lithology.  A core-calibrated petrophysical model is a possible way to resolve these 

issues.  In this study, a thorough set of wireline log data, conventional and special core 

analyses, mudlogs, image logs, and production tests was used to develop such a 

characterization model.  The resultant model was then applied to 250+ wells for full field 

characterization.  Finally, cumulative knowledge from the study was used to better constrain 

the depositional environment of the basal Etchegoin Formation at Elk Hills.
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BACKGROUND 

 

 Elk Hills has a long and successful history as one of the world’s giant oil fields.  It is 

located in the southwest corner of the San Joaquin Basin, a long-lived depositional basin of 

complex geologic evolution.  Both sandstone and porcelanite reservoirs occur in Miocene-, 

and Pliocene-age rocks at Elk Hills.  In this section, the discovery and development of Elk 

Hills, the geologic history of the basin, and the deposition of the Etchegoin Formation and 

related rocks will be discussed. 

 

History of Elk Hills 

 Elk Hills Field is located approximately 20 miles southwest of Bakersfield and 9 

miles north of Taft (Figure 1).   The first successful well drilled at Elk Hills was completed 

by Associated Oil Company on June 16, 1911 with a low production of 75 bbl/day (Maher et 

al., 1975).  After recognizing the potential of oil production in the area from the nearby seeps 

and existing production, Elk Hills and portions of several small oil fields were encompassed 

into Naval Petroleum Reserve No. 1 on September 12, 1912 by an executive order signed by 

President Taft.  Increased need for oil due to military consumption in World War I instigated 

a new wave of exploratory drilling.  The actual well attributed to discovery of the giant oil 

field is recognized to be Standard Oil Company (California) Hay No. 1.  It was completed in 

1919, producing 256 bbl/day from what would later be called the Shallow Oil Zone at a 

depth of 2,532 ft (Maher et al., 1975).  Later that year the potential of gas reserves was 
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recognized.  Hay No. 7 blew out on July 26, 1919 producing 180 MMCF/day of dry gas.  

This well would become the most prolific gas producer in the world by 1926 having a 

cumulative production of 43 BCF. 

 The ownership within Elk Hills was divided between private leases and government 

ownership.  In order to optimize the resources, a contract was drawn in 1942.  Standard Oil 

Company (California), now Chevron, held a 22% stake in the reserves and the federal 

government owned the remaining 78% (McJannet, 1996).  On February 5, 1998, the 

Department of Energy sold their portion of the petroleum reserve.  Occidental Petroleum 

purchased the 78% interest and became the current operator of the lease.  At the end of 2005, 

the field had produced 1.268 Bbbl of oil and 2.02Tcf of gas (California Division of Oil, Gas, 

and Geothermal Resources, 2006).   

 

 

Figure 1.  Location map of Elk Hills.  Detailed map shows the generalized geology in the southern San Joaquin 

Valley.  Elk Hills is shaded brown (modified from Reid, 1995). 
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Regional Geology 

Elk Hills is located in the southwestern San Joaquin Valley of California (Figure 1).  

The San Joaquin Valley is the southern portion of California’s Great Valley.  The Great 

Valley extends south 450 miles from the Klamath Mountains near the Oregon border to the 

San Emigdio and Tehachapi Mountains which are in turn bounded by the San Andreas Fault 

(Maher et al., 1975).   The Stockton Arch divides the valley into two smaller valleys (Figure 

2).  To the north is the Sacramento Valley and extending 240 miles to the south is the San 

Joaquin Valley (Callaway, 1971).  

  Bounding the Great Valley to the east and west, respectively, are the Sierra Nevada 

and the Coast Ranges.  The Sierra Nevada is a granodioritic mountain chain that extends 

from the Cascade Range of northern California 400 miles south to the Mojave Desert (Figure 

2).  The Coast Ranges are comprised of a complex amalgamation of Jurassic and Cretaceous 

Franciscan accretionary wedge sediments, Great Valley sequence sediments, ophiolites, and 

the Salinian block, a Sierran-like terrane of granodioritic magmatic rocks (Harden, 2004).  

The Coast Ranges extend 550 miles in length from northernmost California to Point 

Conception west of Santa Barbara, California. 

 Basin development in the Central Valley area began as a forearc basin but was later 

modified by more local and complex tectonics due to an overall shift from a convergent to 

transform continental margin starting at ~30 Ma (Graham, 1987). An estimated 75,000 cubic 

miles of sediment fills the Great Valley (Maher et al., 1975).   
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POINT CONCEPTION

BAKERSFIELD ARCH

STOCKTON ARCH

 

Figure 2. Geologic provinces of California.  The Great Valley is subdivided by the Stockton Arch into 

the Sacramento Valley and the San Joaquin Valley.   (Modified from Maher et al., 1975) 
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Local Geology 

Extending across the southern San Joaquin Valley from the east is the Bakersfield 

Arch (Figures 1, 2).  The arch is believed to have had positive relief as early as the Oligocene 

(Maher et al., 1975).  Elk Hills lies at the west end of this trend on the opposite side of the 

valley from Bakersfield.  The surface expression of Elk Hills is a large, doubly plunging-

anticlinal structure elongate in a NW-SE orientation; it protrudes into the valley, extending 

17 miles in length and 7 miles in width (Maher et al., 1975).  In the subsurface, the 

anticlinorium consists of two major anticlines, locally termed the 29R and 31S anticlines 

(Figure 3).   
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Figure 3.  Outline of the major structures at Elk Hills: 31S and 29R.  Location of wells with conventional core 

data used for petrophysical calibration are shown in yellow.  Wells with other specialty data used for definition 

of reservoir and pay cutoffs and for geologic characterization are shown in red.  
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The Early Miocene brought rapid subsidence, transgression, and deep marine 

depositional conditions (Callaway, 1971).  Throughout the Miocene, there was extensive 

turbidite deposition on the western side as well as prolific diatom production (Figure 4).  

Deep water from the open sea presumably provided the nutrient-rich upwellings required to 

feed the siliceous organisms.  Diatom production greatly lessened toward the end of the 

Miocene (7 Ma) and the Reef Ridge Shale was deposited regionally across the southwestern 

valley (Reid, 1995).  After this, the final regression of the Late Miocene began.  

 

Figure 4. Deposition of diatomaceous sediments in the southern San Joaquin Valley from 8.5-5.3Ma.  The late 

Miocene had basin wide deposition of diatomaceous sediments.  The end of the Miocene was marked by 

diminished biosiliceous input and regional deposition of the Reef Ridge Shale.  The onset of the Pliocene was 

characterized by an influx of clastic sediment during the deposition of the Etchegoin Formation.  (Modified 

from Reid, 1995) 
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At Elk Hills, the late Miocene regression is evident at the top of the Reef Ridge shale, 

resulting in an unconformity in some locations (Maher et al., 1975).  Movement along the 

San Andreas Fault in the Early Pliocene likely caused associated uplift in the southwestern 

portion of the valley (Callaway, 1970; Bartow, 1991). As a result, the southern portion of the 

basin became restricted from the open sea (Bartow, 1991). The only inlet was near present-

day Coalinga (Figure 5).   

 

 

 

 

Figure 5. San Joaquin Basin ~ 3-4 Ma.  

Tectonics associated with the movement 

of the San Andreas Fault closed the 

southern portion of the basin from the sea 

leaving the only inlet near present-day 

Coalinga (after Bartow, 1991). 
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The transition from Late Miocene into the Early Pliocene was characterized by 

another major regression (Bartow, 1991; Callaway, 1970).  A tidally dominated depositional 

environment prevailed and the diatom blooms faded away (Loomis, 1990).  At this time, the 

Etchegoin Formation was deposited atop the Reef Ridge Shale (Figure 6).  The shallower 

sands of the Etchegoin are comprised primarily of clastics; however the relatively 

heterogeneous basal portion of the formation still has biosiliceous content, representing the 

transition between depositional environments of the Etchegoin and the lower, deeper water 

units of the Monterey and Reef Ridge.   Locally, the basal Etchegoin has been correlated as 

five zones.  When referred to in this text, “upper zones” refers to zones 1 and 2 while “lower 

zones” refers to zones 3-5. 
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Figure 6. Stratigraphic column of productive intervals at Elk Hills.  The productive lithology column denotes 

sand (yellow), porcelanite / siliceous shale (dark green), and mixed biosilica/silt (light green).  Dates for the 

base of the Etchegoin Formation and top of the San Joaquin Formation are from Loomis (1990).  Other dates 

are from Reid (1995).  (Modified from Reid, 1995 and  McJannet, 1996) 
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PREVIOUS WORK 

 

 Numerous studies, both petrophysical and geologic, exist on the biosiliceous 

Monterey Formation underlying the Etchegoin Formation and Reef Ridge Shale.  Far fewer 

relate to the Etchegoin Formation and none focus on the biosiliceous rock near its base.  In 

particular, the published petrophysical models for these types of rock have little applicability 

to this study.  Thus, it is critical to the conceptual development of a model, as well as a 

geologic characterization, to understand the processes involved in biosilica diagenesis and 

the tools with which to study it.  In this section, the existing studies and details on the 

diagenetic path of biosilica from diatoms to quartz porcelanite will be discussed. 

   

Geologic and Petrophysical Studies 

Petrophysical and lithological characterization of the Etchegoin Formation in the 

southern San Joaquin Valley is relatively limited when compared to the extensively studied 

Monterey Formation. Studies can easily be found on the dominantly quartz phase porcelanite 

of the Monterey and on other phases of biosilica in the nearby and roughly coeval Belridge 

Diatomite and Lost Hills Diatomite (Reid and McIntyre, 2001; Chaika and Williams, 2000; 

Schwartz, 1988; Keller and Isaacs, 1985; and many others).  Traditionally, the opal-A 

(diatomite) and quartz phases of these two units have been considered to be lithologies 

associated with the ideal reservoirs.  They have been particularly productive if they contain 

less than 35% detrital material other than biogenic silica, probably because lower detrital 

content makes the rock more brittle and more likely to fracture.  Fractures have long been 
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recognized as a major control on the productivity of porcelanite (i.e., - Reid and McIntyre, 

2001; Behl, 1998; Issacs, 1982).  

Loomis (1990) has done extensive work on the Etchegoin in the west-central San 

Joaquin Valley, some of which is relevant to this study.  In the locale of her study however, 

there is no biosiliceous rock.  Other than this, only two M.S. theses have been done at Elk 

Hills which involve the Etchegoin Formation (Cobos, 2006; Auffant, 2005), but these were 

based primarily on seismic data and did not focus on the biosiliceous rock near the base of 

the unit. 

The petrophysical models published for Belridge and Lost Hills used a technique to 

determine porosity by correlating bulk density to porosity (Schwartz, 1988; Stosur and 

David, 1971).  Such a technique cannot be employed in this study because the approach is 

predicated upon having a single lithology, and lithology in the basal Etchegoin at Elk Hills is 

one of changing composition and grain density.   

 

Biogenic Silica Diagenesis 

The diagenetic path from opal-A to quartz has been studied by several workers, 

particularly in the Monterey Formation (Chaika and Williams, 2000; Williams, 1995; Rice et 

al., 1995; Isaacs, 1982; and many others). The studies mainly focus on the influences of 

burial depth (pressure and temperature) and purity of biosilica on the process of phase 

change.  These factors greatly control grain density, porosity, and permeability.  In turn, the 

reservoir properties of the biosilica and the ability to interpret these properties from logs are 

affected dramatically.  Experimental studies have been conducted to examine the kinematics 
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associated with silica diagenesis (Rice et al., 1995, Mizutani, 1977).  Biogenic sediments are 

prevalent in the Miocene Monterey and consequently many, if not most, of the studies have 

focused on the diagenesis of these rocks.  The stratigraphic proximity of the rocks in the 

Monterey to those in the basal Etchegoin makes this extensive body of research ideal for 

understanding the nature of the biosiliceous component of the mixed-lithology in this study.   

Diagenetic sequence 

 A simple description of the diagenesis of biogenic silica is opal-A → opal-CT → 

quartz.  The steps required to achieve the transformation are actually more complex and well 

documented.  Among others, Williams and Crerar (1985) thoroughly detailed the process.  

The significant elements are captured below (excluding the rapid change to chert in 

exceptionally pure samples): 

• Diatoms frustules and other biosiliceous material begin to dissolve, colloid together, and 

deposit into ocean sediments. → opal A (amorphous silica) 

•  Opal-A is an irregular shape due to the source microfossils.  The irregularities are dissolved 

and precipitate a slightly more ordered opaline coating. → opal A’ (secondary amorphous 

silica) 

• Silica redissolves and precipitates to form disordered six-ring structures of opal-CT.  It is a 

mixture of α-cristobalite and α-tridymite. → opal-CT  

• Opal-CT continues to increase its ordering due to crystal growth from dissolution of the α-

tridymite and replacement precipitation of α-cristobalite.  → more ordered opal-CT 

• After progressive ordering, at a point when the d-spacing has reached ~ 4.04Å, complete 

opal-CT dissolution occurs and microcrystalline quartz precipitates.  → quartz porcelanite  
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Controls on Diagenesis  

Several factors influence the timing of the conversion from opal-A to opal-CT and 

subsequently to quartz porcelanite.  At the point of transformation between phases 

dissolution must occur, hence silica solubility is the key.  The most widely recognized and 

most critical control on solubility is temperature (Williams and Crerar, 1985; Mizutani, 1977, 

Murata and Larson, 1975).  All forms of silica increase in solubility with increased 

temperature; the effect is dramatic, as rates of transformation increase exponentially 

(Williams and Crerar, 1985).  The opal-CT phase somewhat inhibits this effect in that the 

progressive ordering of the cristobalite creates a more stable crystalline structure, up to the 

critical point of the phase change (Murata and Larson, 1975).  Temperature is not the only 

control, however, therefore large windows exist for the initiation of both opal-A (18°-56° C) 

and opal-CT (31°-110° C) to change phase (Keller and Isaacs, 1985).  Another control on 

solubility is pressure, but minor compared to temperature.  Finally, silica solubility also 

increases proportionally to pH (Williams and Crerar, 1985, Williams et al., 1985).  Opal-A, 

which is highly unstable, will begin to dissolve and undergo diagenetic transformation in a 

neutral solution of pH 7 (Murata and Larson, 1975).   

Aside from temperature, the greatest control on the diagenetic timing is the content of 

non-biosiliceous material within the rock (Figure 7).  In biosiliceous rocks that are very pure, 

(~ < 20% detritus) transformation to chert can occur at very low temperatures - even in the 

first few meters after burial (Behl, 1998).  Increased detrital content causes a slight delay in 

the transformation from opal-A to opal-CT.  Adsorption of silica by detrital minerals is the 

likely reason for the inhibition (Williams et al., 1985).  When this occurs, the initial d-

spacing of the opal-CT is progressively smaller.  Because the d-spacing is smaller, the time 
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before transformation to quartz is decreased (Isaacs, 1982).  Thus, detritus retards the phase 

change to opal-CT and accelerates the change to quartz.  

 

 

 

Figure 7.  Silica phase change diagram.  Both 

temperature and detrital content have 

significant control as to the timing of phase 

change. At ~20% or less detritus, it enters a 

chert phase (Modified from Behl, 1998). 

 

 

 

 

  

Analytical Tools 

 Since all of the phases are polymorphs of SiO2, x-ray diffraction (XRD) is the 

technique used to differentiate between them.  The internal structure is continually being re-

ordered with an ever increasing crystallinity and as such, each phase has a unique signature.  

XRD is used to measure the d{101} peak of the opal-CT.  The d-spacing is a measure of the 

distance between the layers of the crystal lattice (Klein and Hurlbut, 1993).  In rocks of very 
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low detritus (~20%), the initial spacing can be as high as 4.11Å.  High detritus (~ 80%) rocks 

may have a spacing as low as 4.08Å.  As the tridymite is re-ordered to form cristobalite, the 

structure becomes tighter and decreases the value of the d-spacing. Phase change to quartz 

initiates some time after the spacing reaches 4.06Å (Isaacs, 1982, Williams, et al., 1985, and 

many others).  The lowest values recorded in the Monterey have been on the order of 4.04Å 

(Murata and Nakata, 1974).  By knowing the spacing, it can be determined how far along the 

diagenetic path biosilica has progressed. 

Eventually, all of the opal-CT will convert to microcrystalline quartz (porcelanite) 

given enough time and temperature.   At this point, a sample will only register as quartz in 

XRD analysis, without differentiation from any detrital quartz grains that may be present.  To 

counter this problem, Murata and Norman (1976) developed a method of determining if the 

quartz, even chert, is biogenic or chemical in nature.  The quartz crystallinity index (QCI) is 

a unitless measurement of resolution of the d{212} peak in a sample relative to that of a clear 

euhedral crystal of detrital or manufactured quartz.  Values can range from 0-10.  Detrital 

grains from granite, for example, may have values greater than 8 in comparison to samples 

from the Monterey that had values of ~1-3.  As the number progressively drops, it is an 

indication that increasing volumes of opal-CT have been converted to quartz phase.  Even as 

the quartz continues to develop its crystal structure, it does not lose its signature of origin - 

samples from the Devonian have shown QCI values as low as 1.2 (Murata and Larson, 1975).  

This information can be used in interpretation of depositional environment as well as 

understanding the diagenetic state of the biosilica and its associated likelihood to fracture.    
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Petrophysical Implications 

There is significant change in both grain density and porosity with each phase of 

silica diagenesis.  Compaction during the phase change discussed in the previous section is 

the reason for the reduction in porosity (Isaacs, 1981).  Average porosities for opal-A, opal-

CT, and quartz porcelanite are 55-70%, 25-45%, and 0-20%, respectively (Chaika and 

Williams, 2000).  Grain densities for the given phases are approximately, 1.8g/cc, 2.3g/cc, 

and 2.5g/cc, respectively (Deer et al., 1992).  This wide range of porosity and grain density 

complicates petrophysical interpretation from logs.   

Permeability is exceedingly small in all phases and, due to the strong influence of 

fractures, no attempts were made to predict it in this study.   However, proper 

characterization of the rock can likely identify those intervals which have the highest 

propensity to fracture and contribute to fluid flow.  As the biosiliceous rock becomes more 

ordered and crystalline, it increases in rigidity.  Opal-A is relatively ductile, while quartz 

porcelanite is brittle, and chert yet even more brittle.  The diagenetic process by itself may 

cause fracturing from the extreme reduction in rock volume and associated internal stress 

changes (Snyder et al., 1983).  Water released during phase change may also contribute to 

fracturing.  The chemical formula for opal-A is SiO2●nH2O.  Through each step in the 

diagenetic process, water is removed from the structure until quartz porcelanite remains as 

SiO2.  It has been suggested that the dewatering during phase change may increase pore 

pressure, inducing fracturing or enhancing pre-existing fractures (Eichhubl and Boles, 1998).  

Thus, the more advanced in diagenesis, the more likely to fracture.  Along the same line, the 

less detrital content the rock has, the more likely it is to fracture, particularly if it is clean 

enough to jump phases to chert early in its burial history (Behl, 1998).  Fractures are great for 
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increasing permeability, but incorporating them into the prediction of permeability in a 

petrophysical model is nearly impossible.   
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METHODS 

 

 The development of the petrophysical model and characterization of the basal 

Etchegoin required many steps.  A large set of core and wireline log data had to be reviewed 

for the ultimate selection of two wells with core that would be used for the calibration of the 

model.  Several steps were taken to develop the transforms enabling calculation of lithologic 

volumes, porosity, and water saturation.  Then a study of a much wider spread of data 

including mudlogs, image logs, core data, and production tests were used to define which 

zones were reservoir quality and ultimately, to define pay.  Once defined, the petrophysical 

model was applied to 250+ wells across the field for use in further reservoir studies and well 

planning.  The results of the exercise were then integrated to help constrain the depositional 

environment of the basal Etchegoin at Elk Hills.  In this section, the selection of suitable core 

and wireline log data will be covered in detail but the steps of the model development will be 

only generally discussed.  The latter will be extensively explained in the Results section of 

the paper, along with constraints placed on the depositional history of the basal Etchegoin by 

supplemental information from mudlogs, image logs, and core data.   

 

Available Data 

An extensive data set was available for this study.  Because the basal Etchegoin is 

stratigraphically positioned between the productive shallow Etchegoin sands and Antelope 

shale, many of the deeper wells have standard open-hole logs over this zone.  Approximately 

250 of these wells had data coverage requisite for performing petrophysical interpretation in 
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the study interval.  The typical suite was resistivity, density/neutron, gamma ray, caliper, and 

SP.  Several had non-standard logs which were utilized including mudlogs, spectral gamma 

ray, microlog, and image logs; one well had a modern NMR log which was not found to be 

useful.  Six of the wells have conventional core cut in various portions of the basal 

Etchegoin.  In addition to standard core analysis, special core analysis (SCAL) had been 

performed on some of the samples including x-ray diffraction and mercury-injection 

capillary pressure (MICP).  Percussion sidewall core samples were taken in three wells and 

thin sections prepared.  A table of non-standard data is shown in Figure 8 and the locations of 

those wells are shown in Figure 3.  Several wells were tested in the interval and production 

results were available.   The integration of a wide spectrum of data was integral in proper 

characterization of the reservoir.   

 

Figure 8.  Wells containing non-standard logs and/or core.  An abundance of data provided the opportunity to 

select only that of good quality for characterization. 

Non-standard log/core data 
Well Image Spectral 

Gamma 
NMR Microlog Conventional 

Core 
Mudlog Sidewall 

Core 
1     ● ●  
2      ●  
3 ●    ● ●  
4 ● ●  ● ●   
5 ● ●   ●   
6 ● ● ● ● ● ●  
7 ●     ●  
8 ●     ●  
9 ●     ●  

10 ●     ●  
11 ● ●  ●  ●  
12 ● ●  ●  ●  
13 ● ●  ● ● ●  
14       ● 
15       ● 
16 ●       
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Selection of Calibration Wells 

The ability to accurately correlate between open-hole logs and core data is critical to 

the success of model development.  Complementary core and log data from two wells, #1 

and #3, one from each of the two major structures, were found to be suitable for the 

derivation of the core-calibrated petrophysical model (Figure 3).  With the exception of 

reservoir and pay indicators, these are the two wells from which the petrophysical model is 

derived.  The other wells with specialty data were used to help refine the aforementioned 

indicators.  The criteria used to select wells #1 and #3 for model calibration is discussed in 

the remainder of this section. 

Neutron and density tools are used as the principal determination of porosity, 

therefore it is essential that any well used to calibrate core to logs has excellent log response 

and no indication of negative environmental effects.    During the drilling process, the 

dynamic environment of a wellbore can produce conditions that adversely affect the response 

of logging tools, particularly those which are highly statistical nuclear-type tools such as the 

density and neutron tools.   

The density tool is a pad-type tool mounted on an articulated arm which firmly 

presses it against the wall of the borehole.  An inherent problem with a tool of this type is the 

response to borehole rugosity (Theys, 1999).  When the density pad loses flush contact with 

the formation, it measures drilling fluid as part of the rock volume and the density values will 

be far too low.  Consequent interpretive complications include a false impression of a pure 

reservoir lithology or the presence of a free gas phase; even more problematic to this study, 

the false response could indicate opal-CT where there is none.  At a minimum, the calculated 
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porosity from bulk density would be overestimated.  To guard against this potential problem 

in this study, the caliper relative to bit size was studied to ensure that the borehole was not 

washed out.  The density tool provides a density correction curve which measures the ratio of 

the gamma ray count rate between the two detectors giving an indication of the validity of the 

incoming data.  This correction curve was also reviewed to ensure proper tool response.   

Neutron tools are very sensitive to environmental conditions such as temperature, 

salinities, and borehole conditions.  It is not pad mounted like a density tool; however it is 

pressed against the borehole wall through the use of a bowspring.  Similarly, it can be greatly 

affected by rugosity and loss of contact with the borehole wall (Theys, 1999).  The neutron 

tool is based on the principle that the emitted neutrons are only captured by hydrogen atoms 

(Neuman et al., 1988).  Both water and hydrocarbons contain hydrogen and therefore if there 

is more pore space is present, fewer neutrons will return to the sensors in the tool.  When the 

tool loses flush contact or if the borehole is greatly washed out, the tool will falsely read the 

drilling fluid as pore space and the consequent calculated porosity will be erroneous.  As with 

the density response, the caliper was reviewed to ensure that washouts were not adversely 

affecting the results.   

 

Overview of the Petrophysical Model  

 The petrophysical model essentially has two major components: 1) calculation of 

lithologic volumes, porosity, and water saturation calibrated with core data from wells #1 and 

#3, 2) trial- and error-derived reservoir and pay indicators determined through the use of 

specialty data including mudlogs, image logs, conventional core, and production tests.  
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Unique sets of model parameters were calculated with data from wells #1 and #3 to represent 

each structure.  The general methods are presented below. 

1. Process mineralogic core data from weight percent into volumes, define and 

group minerals into lithologic groups, and, finally, import, along with grain 

density, saturations, and porosity, into log analysis software.  The core data 

were then depth matched to the wireline logs. 

2. Define that the magnitude of separation between the density and neutron is the 

basis of the model, representing rock composition. 

3. Calculate, in order, the following parameters necessary, as defined by this 

model, for water saturation determination : 

a. Volume of clay + clastic detritus 

b. Volume of clay 

c. Grain density 

d. Porosity; total and effective 

e. Water saturation 

4. Use specialty data to define a pseudo-permeability reservoir deliverability 

indicator and pay cutoffs by iteratively modifying the inputs to the equation. 

 

Use of Specialty Data in Defining Reservoir Deliverability and Pay Cutoffs: 

 

Mudlogs.   Mudlogs were used to characterize the general lithologic distribution and presence 

of associated oil and gas shows.  The lithologic character was examined to see the transition 

of biogenic vs. clastic detrital content across the field.  In conjunction with the oil and gas 
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shows, this data was used to constrain the areas, both vertically and laterally, that were most 

prospective for reservoir and pay.  Additionally, the data were used in the characterization of 

the geologic / depositional setting of the basal Etchegoin. 

There are caveats associated with mudlog interpretation.  The presence of oil or gas is 

a definite indication of hydrocarbon accumulation, but the depth accuracy of those shows is 

not of a high level.  Supplemental data must be used to ascertain exactly where they are 

coming from.  Additionally, hydrocarbon shows do not mean that the fluids are movable – it 

could be residual oil.  On the other hand, a lack of shows does not mean that hydrocarbons 

are absent.  Drilling mud can mask oil and gas shows if the pressure is sufficient to prevent 

fluid entry into the wellbore.  Such a situation can occur in depleted reservoirs where the 

fluid pressure in the drilling column is a far higher pressure than that of the formation.  

Similarly, overpressured zones require increased mud weight to maintain wellbore stability.  

Though wrought with uncertainties, mudlogs are still an excellent initial tool to help focus 

efforts for further evaluation. 

Mudlogs are highly interpretive.  The gas spectrum is measured, but the oil shows 

serve a qualitative function.  The lithology interpretation can be greatly influenced by the 

experience of mudlogging geologists or by their familiarity with the rocks of a particular 

basin.   

 

Image Logs.   Image logs were used to study the zones which are most likely to fracture and 

to understand the fabric of the reservoir.  Short of acquiring core, the best way to “see” the 

rock in a well is through the use of image logs.  Either acoustic or electrical images can be 

collected.  Electrical images are acquired with pad-type tools mounted on articulated arms, 
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each with numerous electrodes measuring the resistivity of the formation at a very high 

resolution.  The result is an unwrapped cylinder which is a “picture” of the formation (Figure 

9).  The images are then displayed in two formats adjacent to each other: static and dynamic 

images.  Resistivity values are placed into a histogram distribution and a color is assigned 

based upon a given color map (Hurley, 2004).  The most common color map has black as the 

most conductive, then moving to orange, and finally white as the most resistive.  In a static 

image, the histogram includes all of the resistivity values over the well or given interval.  

Dynamic images analyze the data in the same manner, but over a much smaller, sliding 

window; six inches or one foot for example.  General differences in lithology such as clay 

content or mineralogy are shown well with static images.  Sedimentary and structural 

features are best shown through dynamic images.   

 

 

(Halliburton web image)  

 Figure 9.   An electrical image log is a pad-type tool which uses resistivity sensors to generate a image of the 

borehole.  Data are collected in a 360º cylinder and then “unwrapped”, thus making planar features appear as 

sinusoids.   
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Image logs by no means have the detail of core, but they do enable a 360º view of the 

borehole over very large intervals.  Eleven of the subject wells had electrical image logs over 

various portions of the basal Etchegoin.  The primary function that these logs serve in the 

characterization of this reservoir is to observe the propensity of the rock to fracture.  

Fracturing has long been considered a key element to the productivity of porcelanites (i.e., - 

Reid and McIntyre, 2001; Behl, 1998; Issacs, 1982).  Additionally, images can give a sense 

of the texture of the rock – sand and porcelanite can often be differentiated by appearance.  

Traditional logs often lack the vertical resolution required to distinguish the thin bedding of 

porcelanite.  Segments of several image logs are presented in the Results section, 

highlighting key features of the presumed reservoir units. 

 

 Conventional Core Analyses.    Conventional core served many functions in both 

development of the petrophysical model as well as geologic / depositional characterization of 

the basal Etchegoin.  XRD data were used for mineralogic breakdown of the reservoir 

constituents as well as establishing trends across the field.  MICP data were used to test the 

bimodal reservoir hypothesis.  Core photos helped refine the intervals that were fractured and 

those that were oil saturated, thus calibrating the reservoir and pay indicators.  Thin sections 

provided a great deal of insight on the depositional environment. 

 

Production Tests.   The ultimate validation of the reservoir and pay indicators was the set of 

production tests performed on eight wells.  After wells were perforated and completed in 

various zones of the basal Etchegoin, the producing fluids were measured at the wellhead to 
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determine initial oil, water, and gas rates.  These tests were used to both confirm and refine 

assumptions of the reservoir and pay indicators.  The results are presented in the next section. 
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RESULTS 

 

 In this section, details will be provided on all of the steps that went into the 

development of the final petrophysical model.  Results will be presented pertaining to 

mudlogs, image logs, core data, and production tests that were used to refine the reservoir 

and pay indicators as well as constrain the geologic / depositional environment of the basal 

Etchegoin.   

 

Core Data Preparation: Volumes, Lithologies, and Depth Correction 

 Numerous standard and special core analyses were performed by Core Lab including 

porosity, grain density, fluid saturations, and x-ray diffraction for mineralogy.  These core 

data were modified so that they could be compared directly with the log data.  This 

modification entailed converting the individual minerals from weight percent into volumes, 

grouping those minerals into defined lithologic types, and adjusting the depths of all core 

data to match the log data.  

The mineral composition of the samples was provided in weight percentages, but 

because petrophysical interpretations identify volumes of reservoir rock, detritus, and 

porosity, it was necessary to first convert the mineral data to volumes.  Two techniques were 

reviewed to do this, but only one was deemed suitable.  The ideal and most representative 

method would have been to take into account the grain density of each of the individual 

minerals and compensate for its respective volume accordingly.  The problem with this 
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approach was the variability in density of clays, feldspars, etc (Figure 10).  The range of 

densities was determined to be too large and an assumption of the value of each mineral 

could have introduced more error than accuracy in volumetric calculation.  For this reason, 

the method chosen was to account only for porosity and convert to volumes, thereby 

eliminating the issue of density variability. 

 

 

 

Figure 10.  Density and groupings of minerals used in the petrophysical model. 

  

Data from density and neutron tools can provide an indication of lithology, but they 

are not capable of differentiation of each mineral within the lithology.  Most petrophysical 

models use these data to help differentiate the primary lithologic volume, sand for example, 

and volume of clay, because of the influence of clay on effective porosity and water 

saturation.  Because the basal Etchegoin at Elk Hills is a complex reservoir in that it has dual 

reservoir constituents - biosilica and sand/silt, it was deemed important to determine the 

volumes of the three lithologies - clay, biosilica, and sand/silt.  The mineral volumes which 

were grouped together within this scheme are indicated below. 

• Clay = kaolinite, chlorite, illite/smectite  

• Detritus (sand/silt) = quartz, albite, oligoclase, andesine, k-feldspar, pyrite 

• Biosiliceous = opal CT, cristobalite, chert  

Density of Minerals used in Model (g/cc) 
Clays Detritus Biosilica 

Mineral Density Mineral Density Mineral Density 
kaolinite 2.61-2.68 quartz 2.65 opal-CT 2.26-2.33 
chlorite 2.6-3.3 plagioclase 2.62 cristobalite 2.33 
illite/smectite 2.0-3.0 k-spar 2.55-2.63 chert 2.65 
    pyrite 4.95-5.03     
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Depth adjustments must always be made to the core data to account for the inevitable 

difference between coring depths and log depths.  Using a combination of the grain density 

and core gamma ray, the data were correlated as best as possible to the logs.  There is never a 

perfect match, particularly in heterogeneous anisotropic reservoirs, because the logs are 

averaging data over many inches and the core is a specific point, at most a one inch plug.  

Over a large enough interval the trends become apparent, hence the importance of good 

coverage.    

 

Petrophysical Model 

As previously discussed, the traditional determination of clay volume and porosity in 

a petrophysical model is predicated upon the assumption of a single reservoir lithology.  This 

type of approach is precluded in the basal Etchegoin because of the bimodal lithologic nature 

of the rock and the low and inconsistent grain density of biosilica.  To overcome this 

difficulty, the approach employed in this model uses the amount of crossover observed 

between the density and neutron curves to define clay content and grain density, which, in 

turn, is used to define porosity.  The particular model that was developed in this study is 

applicable to all basal Etchegoin intervals in wells that have basic logging suites (e.g., bulk 

density, neutron porosity, gamma ray, resistivity, caliper, and spontaneous potential).  This 

approach is enabled only because, as will be evidenced later in this section, no homogeneous 

sand layers are present – the reservoir is always a mixed lithology.   

In the purest phase, the biosilica will show large crossover of the bulk density and 

neutron porosity on a log due to its very low grain density (Figure 11a).  That crossover is 
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suppressed by the presence of detrital material within the rock (Figure 11b).  The 

fundamental basis of the petrophysical model is the magnitude, or lack thereof, of the 

crossover, a concept that is quantified in the next section as DNSEP.   It is important to note 

that gas can also cause this crossover when it is present as a free phase, but this problem is 

negated in the basal Etchegoin because all of the gas is in solution, similar to the deeper 

porcelanites of the Monterey Formation (Reid and McIntyre, 2001).  

 

Figure 11. Neutron and density logs responding to biosiliceous intervals.  A) In pure opal-CT, there is a great 

deal of crossover but B) as clastic detritus is added, the crossover effect becomes suppressed or is removed 

entirely. 

A B 
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Calculating density / neutron separation; “DNSEP” 

 Standard logs provide neutron porosity, which is calculated for a given lithology – 

sand for example, and bulk density, which is measured independent of lithology.  Therefore, 

determination of the magnitude of separation of porosity units requires the bulk density be 

converted to density porosity, based on the same lithology as the neutron. 

• Фd = (ρma– ρb) / (ρma– ρf)  

o Фd = density porosity 

o ρma = matrix density, in this case 2.65 g/cc was used for sandstone 

o ρb = bulk density as measured by the logging tool 

o ρf = reservoir fluid density, in this case 1.0 g/cc for freshwater 

A new curve, DNSEP, was then created by subtracting the two porosity values. 

• DNSEP = Фn – Фd 

o Фn = neutron porosity on a sandstone matrix 

o Фd= density porosity on a sandstone matrix 

Sandstone was the matrix chosen for consistency to calculate density porosity because the 

other reservoirs at Elk Hills are either siliceous or sandstone.  As will be shown later in this 

section, no sand layers appear to be present in the basal Etchegoin, thus preventing a 

misrepresentation of clay-rich biosilica as a clean sand, which would have a DNSEP value of 

zero. 
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Determination of lithologic volumes 

 As described earlier in the discussion, three lithologic groups were defined and 

mineral volumes were summed into those groups.  The determination from logs of those 

volumes of biogenic silica, clastic detritus, and clay will be shown in this section.  In all 

portions of model development, data that were apparent outliers were excluded from 

correlations in order to define more accurate equations.  Those outliers may have resulted 

from poor borehole conditions, slight depth inaccuracies, or carbonate content.  On the 

crossplots presented in this paper, polygons indicate the data included for that particular 

correlation.  For proprietary reasons, the numerical values of all empirically derived 

constants were excluded from this paper. 

The separation, or crossover, between density and neutron porosity is primarily a 

function of the quantity of biogenic silica relative to detrital material, an hypothesis that can 

be tested by correlating the log-based DNSEP curve to the volume of non-biogenic material 

as determined from core analyses. The core-based volumes of clay minerals and other detrital 

material were summed into a variable called V_CDET and plotted against DNSEP.  A strong 

correlation existed between DNSEP and V_CDET strongly suggesting that 1) the proposed 

petrophysical model would be successful and 2) the lithologies differed on the 31S and 29R 

structures enough to warrant the development of two sets of model parameters.  A linear 

regression was fit to the data set to define a transform from DNSEP to V_CDET (Figures 12 

and 13).  The R2 correlation coefficients for wells #1 (31S) and #3 (29R) were 0.89 and 0.80, 

respectively.   
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• V_CDET = (A* DNSEP) + B   

o V_CDET = volume of clay + volume of non-biogenic silica detritus 

o A and B = empirically derived constants 

 

 

 

Figure 12.  Well #1 (31S structure); crossplot of density / neutron separation (DNSEP) vs. volume of clay + 

detritus (V_CDET) from core.  The linear regression showed a correlation of R = 0.944 and R2 = 0.891.  Only 

data within the polygon were used for regression analysis.  The data excluded were deemed outliers and would 

inhibit a representative correlation.  The red line is regression as calculated by the Root Mean Average 

algorithm in the Crossplot module of the Powerlog™ petrophysical analysis software; the dotted lines are 

regressions of y=f(x) and x=f(y).  The correlation coefficients are with respect to the RMA regression. 
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Figure 13.  Well #3 (29R structure); crossplot of density / neutron separation (DNSEP) vs. volume of clay + 

detritus (V_CDET) from core.  The linear regression showed a correlation of R = 0.896 and R2 = 0.803.  Only 

data within the polygon were included in regression analysis. 

 

To further define lithology, core-based volume of clay minerals was plotted against 

the composite volume of clay minerals and clastic detritus (V_CDET).  The results, shown in 

Figures 14 and 15, indicated a proportional correlation between V_CDET and the volume of 

clay minerals.  The volume of clay minerals, VCL, was “backed out” of the composite 

volumes through regression analysis.  Again, strong R2 correlation coefficients for wells #1 

(31S) and #3 (29R) resulted, 0.80 and 0.90, respectively.  This transform, established solely 

from core, is used for indirectly estimating VCL from log data, since V_CDET can be 

calculated from logs.  It is important to capture the content of the two lithologies.  Both 

represent non-biosilica, but the presence of detrital sand/silt indicates potential fluid storage 
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and increased permeability.  Additionally, the content of clay directly relates to the effective 

porosity which is used in water saturation calculations.   

• VCL = (C * V_CDET) – D 

o VCL = volume of clay minerals 

o V_CDET = volume of clay + volume of non-biogenic silica detritus 

o C and D = empirically derived constants 

 

 

Figure 14. Well #1 (31S structure); crossplot of volume of clay (VCL) vs. volume of clay + detritus (V_CDET), 

both from core.  The linear regression coefficients were R= 0.90, R2=0.809. All data points were included in 

analysis. 
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Figure 15. Well #3 (29R structure); crossplot of volume of clay (VCL) vs. volume of clay + detritus (V_CDET), 

both from core.  The linear regression coefficients were R= 0.95, R2=0.903.  Only data within the polygon were 

included in regression analysis.  Several points fell below the trend line and were excluded.  This may be a 

function of proximity to the clastic source, and thus, anomalously high concentrations of non-clay detritus 

occasionally encountered in this unit. 

 

Determination of porosity 

Determination of porosity will complete the volumetric representation of the rock and 

by convention, the only remaining volume would be biosilica.  Porosity must be accurately 

calculated because of hydrocarbon pore volume calculations and more importantly in the 

petrophysical model calculation, for water saturation.  Traditionally, this is done via a 

crossplot porosity of density and neutron porosities used to calculate a total porosity which is 

in turn clay corrected.  Due to the biosiliceous content of the rock in this study and its 

pronounced effect on the density, such a technique would overestimate pore volume.  
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Coupled with the complication of the silt/sand component of the reservoir, it is necessary to 

take a different approach.  This is achieved by 1) calculating a constantly changing grain 

density curve, 2) calculating total porosity, and 3) clay-correcting the total porosity into 

effective porosity. 

The grain density curve can be derived from the DNSEP curve.  As mentioned 

previously, the separation between the density and neutron porosities directly reflects the 

unique rock composition in the basal Etchegoin.  Core grain density was plotted against 

DNSEP; the results are shown in Figures 16 and 17.  As with the lithologic volumes, 

calibration of this curve is required for each locale.  The R2 values for wells #1 and #3 were 

0.765 and 0.834, respectively.   

• ρg = (E * DNSEP) +F 

o ρg = grain density, g/cc 

o DNSEP = separation between neutron and density porosities, 

sandstone matrix, unitless 

o E and F = empirically derived constants 
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Figure 16. Well #1 (31S structure); crossplot of core grain density (ρg) vs. density / neutron separation 

(DNSEP).  The linear regression coefficients were R= 0.875, R2=0.765.  Only data within the polygon were 

included in regression analysis. 

 

Figure 17. Well #3 (29R structure); crossplot of core grain density (ρg) vs. density / neutron separation 

(DNSEP). The linear regression coefficients were R= 0.914, R2=0.836.  Only data within the polygon were 

included in regression analysis. 
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After grain density has been calculated, total porosity can then be determined.  Core 

porosity is typically measured on a dried sample which is closer to total than effective 

porosity; hence the correlation is checked against that value.  The equation is essentially the 

same which was used to find density porosity.  The results, shown in Figures 18 and 19, were 

compared to core data for the two wells for quality assurance.  The R2 value for well #1 was 

0.79.  R2 for well #3 was a bit low at 0.59, probably due to the small range of porosity values. 

• Фt = (ρg – ρb) / (ρg – ρf) 

o Фt = total porosity 

o ρg = grain density, g/cc, variable as a function of DNSEP 

o ρb = bulk density as measured by the logging tool, g/cc 

o ρf = reservoir fluid density, in this case 1.0 g/cc for freshwater 

 

Figure 18. Well #1 (31S structure); crossplot of core total porosity vs. calculated.  The linear regression 

coefficients were R= 0.891, R2=0.793.  All data points were included in the correlation. 
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Figure 19. Well #3 (29R structure); crossplot of core total porosity vs. calculated.  The linear regression 

coefficients were R= 0.767, R2=0.588.  Only data within the polygon were included in regression analysis.  

Most data were within a small range of porosity, likely contributing to the lower correlation coefficients 

The estimated VCL is then used to correct total porosity to effective porosity with the 

following equation:   

• Фe = Фt * (1 – VCL) 

Though not critical to the model, an aesthetic element of the visual display is to 

capture the amount of water bound in the clay.  It is estimated by the following equation: 

• V_CBW = (Фt - Фe) * VCL 

o V_CBW = volume of clay with bound water 

o Фt = total porosity 

o Фe = effective porosity 

o VCL = volume of clay minerals. 
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Calculation of Water Saturation 

Water saturation estimates should be fairly accurate in this rock because the 

calibration wells were cored with oil-based mud.   During the coring process, drilling fluid 

tends to invade the rock and flush out movable hydrocarbons.  This happens when the rock is 

preferentially wet by the coring fluid.  Diatomaceous rocks tend to be water-wet, meaning in 

the presence of both water and oil, oil will be displaced and water will adhere to the surface 

of the silica.  To obtain accurate water saturation measurements, oil-based coring fluid is 

used to mitigate the problem by preventing any expulsion of the water.   

With inputs of effective porosity and VCL available, the next step is to calculate water 

saturation.  Poupon and Leveaux (1971) published the “Indonesian” form of the Archie water 

saturation equation.  The purpose of their approach was to account for the conductivity 

associated with very clay-rich rocks and better represent fluid saturations.  This equation is 

optimal to compensate for the high clay content of the rocks in the basal Etchegoin.   

Several parameters are needed for input into the water saturation equation.  Formation 

water resistivity was determined through geochemical analysis of produced water samples.  

Electrical properties of “m” (cementation exponent) and “n” (saturation exponent) are 

derived by lab tests and since none were available, the values were adjusted for each model 

to match the water saturation measured in core.  The tortuosity factor, “a”, is assumed to be 

1.  The results are plotted against core water saturation in Figures 20 and 21.  The 

“Indonesian” equation is shown below, re-written to solve for Sw. 
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• Sw = (1 / (Rt (Фm/aRw + 2VCL(1-VCL/2)( Фm / aRwRsh)1/2 + VCL(2-VCL) / Rsh)))1/n 

o Sw = water saturation 

o Rt = true resistivity, taken from the deep resistivity curve 

o Ф = effective porosity 

o a = tortuosity factor , 1  

o Rw = formation water resistivity, 0.2 at 75°F 

o VCL = volume of clay 

o m = cementation exponent, 31S = 1.9, 29R = 1.9 

o n = saturation exponent, 31S = 2, 29R = 2 

o Rsh = resistivity of shale, taken from logs, 31S = 1.5, 29R = 1.8  

 

 

Figure 20. Well #1 (31S structure); crossplot of core water saturation vs. calculated.  The linear regression 

coefficients were R= 0.696, R2=0.484.  Only data within the polygon were included in regression analysis. 
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Figure 21. Well #3 (29R structure); crossplot of core water saturation vs. calculated.  The linear regression 

coefficients were R= 0.888, R2=0.789.  Only data within the polygon were included in regression analysis. 

 

Reservoir and pay determination 

The previous phases of the model entailed core-calibrated calculation of rock and 

fluid properties.  The final calculation identifies potentially productive intervals using a 

qualitative indicator of reservoir and pay.  The core-based petrophysical model was applied 

to all sixteen wells with specialized data, which included mudlogs, image logs, core, and 

production tests.   These specialty data were used to iteratively define the indicators on the 

basis of lithologic distribution and properties as well as evidence of hydrocarbons. 

Mudlogs were reviewed for lithologic distribution throughout the unit and across the 

field as well as identifying those intervals with strong oil and/or gas shows.  Image logs 

identified rock fabric and propensity of the rock to fracture.  Core data were reviewed to 
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study the fabric and composition of the rock.  Finally, eight wells were production tested in 

various zones of the basal Etchegoin and the results were used to verify potential and provide 

confirmation of the interpretation.  In the following four sections, each of these data will be 

covered in detail to demonstrate how the composite findings enabled an accurate target / pay 

zone to be identified.   

A need arises for cut-offs to constrain target intervals and truly expose the zones 

which are prospective reservoir and pay zones.  This is achieved by generating a reservoir 

deliverability curve (RSVR) and an associated water saturation cut-off for pay.  Two major 

factors controlling reservoir deliverability are pore throat aperture and fracturing.  Clay 

minerals between or coating detrital grains lessen the pore throat diameter.  The clastic 

detrital minerals, conversely, can provide an increased natural permeability.  In biosiliceous 

rock, fracturing is inhibited by the presence of clay and detrital minerals.  Biosilica reservoirs 

are highly dependent on fracturing to deliver fluids.  In each of these cases, clay minerals are 

the inhibiting factor on productivity.   Therefore, a regression to volume of clay minerals 

(VCL) determined by the petrophysical model was used to generate a pseudo-permeability for 

the reservoir deliverability curve.  This curve is not calibrated to core permeability because it 

would not represent the contribution of fracturing.   

The reservoir curve and cut-offs for reservoir and pay were empirically derived 

through an iterative approach.  Permeability has been shown to be a power law relationship 

with clay content; such an equation was chosen for the RSVR curve (Crawford et al., 2002).  

It was important to identify this with a curve rather than just cut-offs because it enables 

qualitative judgment of how productive an interval may be.   
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Initial values of X and Y were chosen based on a permeability transform that existed 

in the upper Etchegoin sands.  During iteration, the coefficients (X and Y) were adjusted after 

examining factors, such as propensity to fracture, biosilica content, and direct hydrocarbon 

evidence, in all of the wells with specialty data and gradually modifying them to capture 

those intervals with desirable characteristics.  Their final values were altered from the initial 

values by 27% and 53%, respectively.  Production tests were used to confirm hydrocarbon 

deliverability. The equation that was ultimately used is shown below: 

• RSVR = 10(X*VCL + Y) 

o RSVR = reservoir deliverability, unitless 

o X and Y = constants empirically derived to achieve a single cutoff value of 

RSVR that consistently distinguished rocks that possessed desirable 

characteristics, based on specialty data, versus those that did not. 

o VCL = volume of clay minerals 

Eventually, it was determined that the cutoff for RSVR was a value of 0.3 which 

equates to a VCL of 0.17.  The pay cutoff was determined to be a Sw of 72%.   The model was 

then applied to the other 250+ wells in the field which had basic log suites through the basal 

Etchegoin.  The final core-calibrated model for both wells #1 and #3 is presented in Figures 

22 and 23.  Included in the plots are the core data and the pay cutoff.  It is important to note 

that neither of the two wells was production tested and consequently the flags are based upon 

the study of the aforementioned data and tests on several other wells.   
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Figure 22.  Well #1 (31S structure) petrophysical interpretation.  Data presented to the left of the depths are raw 

log data from a standard suite of logging tools (e.g., Theys, 1999).  Information plotted to the right of the depths 

is output from the petrophysical model of this study.  All acronyms are discussed previously in the text.  Core 

data used for calibration are also plotted as point symbols.   The RSVR curve is shaded blue when > 0.3(VCL< 

17%) and green when Sw < 72%.  All volumes are a relative portion of 100%.  The five zones are labeled. 
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Figure 23.  Well #3 (29R structure) petrophysical interpretation.  Data presented to the left of the depths are raw 

log data.  Information plotted to the right of the depths is output from the model.  Core data used for calibration 

are also plotted.   The RSVR curve is shaded blue when > 0.3(VCL< 17%) and green when Sw < 72%.
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Mudlogs 

Initial indications of hydrocarbon-bearing reservoir in the basal Etchegoin were 

encountered while drilling to deeper targets at Elk Hills when, on several occasions, mud 

weight had to be increased to compensate for and control pressure kicks.  In response, 

mudlogs were collected on subsequent drills in the various locales.  Those mudlogs showed 

several zones in the basal Etchegoin to have positive indications of oil and gas.  All of the 

gas observed is believed to be coming from solution.    

In this study, 11 of the wells with specialty data contained mudlogs and all are 

discussed in this section.  This information was used to target the productive zones and refine 

the RSVR curve and pay flags in the manner described in the previous section.  Also, these 

data were beneficial in building on the general geologic knowledge of the basal Etchegoin.  

The summaries for each well are presented in a concise, descriptive manner and will 

be expounded upon at the end of this section.  Because of the very small and unreadable text 

that would appear in the figures, the lithologic descriptions from the mudlogger have been 

removed and commented on when pertinent.  Described lithologies include, sand, silt, 

diatomite, porcelanite, shale, claystone, limestone, and dolomite among others.   
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Well #1 

Well #1 was one of the two wells used to calibrate the more quantitative components of the 

petrophysical model.  It is located on the 31S structure and was one of the two wells drilled and cored 

with oil-based mud with the intention of getting valid water saturation measurements.  It is apparent 

from the mudlog that the oil in the drilling fluid masked any accurate oil shows because they are 

present throughout the entire interval (Figure 24).  Nearly the entire section is classified as claystone, 

although there are descriptions from the mudlogging geologist of locally porcelaneous, brittle rock.  

Occasional silts, sands, and dolomites were also noted.  The homogenous manner in which the 

lithology is presented precludes any method of identifying potential reservoir units but the 

descriptions leave no doubt that there are multiple rock types.  This well is not useful for targeting 

hydrocarbons or specific lithologic units, but it does help refine areas, in a lateral sense, of potential 

fracturing by identifying the distribution of porcelaneous rock. 

 

Well #2 

Well #2, located on the 31S structure, has a mudlog which differentiates the various intervals 

quite well (Figure 25).  The dominant lithology recorded is claystone, similar to Well #1.  However, 

there are several zones which denote porcelaneous claystone.  The oil shows are clearly associated 

with the changes in rock-type.  The gas shows remain strong throughout the entire interval, but the 

marked increases coincide with the oil shows and porcelanitic rock.  Wells #1 and #2 are fairly close 

together, demonstrating the variability of mudlog interpretation.  This well was useful in showing 

viability of both the upper (~3500’-3750’) and lower (~3750’-4100’) zones on the 31S structure as 

well as associating those shows to rocks with increased biosilica content. 
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Figure 24.  Mudlog for well #1.  

The depicted lithology 

throughout is claystone.  The 

mudlogger noted “locally 

porcelaneous, brittle rock”.  

The porcelaneous lithology is 

the sporadic black symbol (e.g., 

3650’-3750’).  Tracks shown 

from left to right are rate of 

penetration (ROP), depth, 

lithology, oil shows, 

cuttings/ditch gas, and gas 

spectrum for C-1 through C-5.    
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Figure 25.  Mudlog for well #2.  Claystone 

intervals are shown in red, porcelaneous 

intervals in black, and shale intervals in 

green.  Oil shows and strong gas shows 

dominantly correlate to porcelaneous 

claystone.  Tracks shown from left to right 

are rate of penetration (ROP), depth, 

lithology, oil shows, cuttings/ditch gas, 

and gas spectrum for C-1 through C-5.    
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Well #3 

Well #3 was the other well used in the calibration of the quantitative portion of the 

petrophysical model. It is located on the 29R structure and was the other well drilled and cored with 

oil-based mud to obtain valid water saturation values (Figure 26).  In this case, unlike well #1, the 

mudlogger attempted to differentiate between drilling fluid and the oil from the formation as 

evidenced by the oil shows; accordingly, caution should be exercised when using the results.  

Claystone, porcelaneous claystone, siltstone, and sandstone were recorded with minor amounts of 

dolomite.  Quite a bit of sand and silt are noted in this well relative to #1 and #2.  Minimal gas is 

indicated above 4050’.  This well is useful in demonstrating the change in lithologic composition 

moving from east to west across the field – much more sand/silt appears in this well and porcelaneous 

rock is limited to the deepest portions.  The value of the oil shows is limited because of the drilling 

fluid. 

 

 

Well #6 

The mudlog for well #6, located on the 29R structure, indicates almost all clay or claystone 

(Figure 27).  Minor amounts of sand and silt are indicated from 3700’-4250’.  Diatomaceous material 

is noted from ~4450’-TD.  The upper zones have minimal oil shows and poor gas response.  The 

diatomaceous and silty zones in the lower portion of the well have good oil shows and increased 

gases including C-5.  The lithology is somewhat similar to that of well #3.  This well was useful in 

constraining that the potential productivity on the 29R structure is likely limited to the deeper zones, 

associated with the porcelaneous rock and thus, it also indicates the presence of biosilica in the west 

is limited to the deeper zones and sandy/silty in the shallower zones. 
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Figure 26.  Mudlog for Well #3.  Diverse lithologies are indicated with a large amount of sand and silt.  Poor 

gas shows above 4050’.  Oil-based drilling fluid.  Claystone intervals are shown in red, porcelaneous intervals 

in black, shale intervals in green, and dolomite in magenta (4550’-4800’) .  Tracks shown from left to right are 

rate of penetration (ROP), depth, lithology, oil shows, cuttings/ditch gas, and gas spectrum for C-1 through C-5.    
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Figure 27.  Mudlog for well 

#6.  A few sand/silt rich 

intervals are indicated.  The 

good oil shows are associated 

with the diatomaceous/silty 

lithology in the lower portion 

of the well.    Tracks shown 

from left to right are rate of 

penetration (ROP), depth, 

lithology, oil shows, 

cuttings/ditch gas, and gas 

spectrum for C-1 through C-

5.    
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Well #7 

Well #7, located on the 31S structure, is a horizontal well through the upper zones of the 

basal Etchegoin.  The mudlog indicates that the entire length is claystone (Figure 28).  The 

description, however, notes porcelaneous and diatomaceous constituents.  Oil shows are excellent; the 

comments provide supplemental information of up to 100% yellow sample fluorescence.  The gas 

shows are also very strong throughout this portion of the well.  The fluctuations in shows and ROP 

are likely an indication of moving in and out of the target zone.  This mudlog for this well, when 

combined with wireline logs, was extremely useful in constraining the zones which are oil bearing.   

 

Well #8 

The mudlog for Well #8, located on the 31S structure, lists the primary lithologies as shale 

and claystone (Figure 29).  Very minor oil shows are associated with the interval from 3900’-4200’ 

where porcelaneous claystone is noted as a minimal constituent.  The gas shows are very strong in 

that same lower interval as well as an upper zone from 3600’-3750’.  The sudden increase in gases in 

the upper portion suggests that there may be a lithology that is not being represented which is 

hydrocarbon bearing.  Such intervals require additional inspection when wireline logs are collected.  

The description is akin to well #2, however the mudlogger has classified more of the rock as shale in 

this case.  The two wells are not a large distance apart so it is reasonable to assume that a similar 

lithology should be present at both locations (Figure 8).  This well was not very useful for 

constraining the location of reservoir rock, but it was valuable in demonstrating that both the upper 

(~3600’-3800’) and lower (~3800’-4100’) zones on 31S are hydrocarbon bearing and may be 

productive. 

 

 



58 
 

 

 

 

 

 
 
 
 
 
 

Figure 28.  Mudlog 

for well #7.  Good 

oil and gas shows 

throughout this 

horizontal well.  

Claystone is the only 

lithology presented, 

however the 

comments indicated 

diatomaceous and 

porcelaneous rocks. 

Tracks shown from 

left to right are rate 

of penetration 

(ROP), depth, 

lithology, oil shows, 

cuttings/ditch gas, 

and gas spectrum for 

C-1 through C-5.    
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Figure 29.  Mudlog for well #8.  

The dominant lithologies are 

shale (green) and claystone (red) 

with minor porcelaneous 

claystone (black). Tracks shown 

from left to right are rate of 

penetration (ROP), depth, 

lithology, oil shows, 

cuttings/ditch gas, and gas 

spectrum for C-1 through C-5.    
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Well #9 

Well #9, located on the 31S structure, has no oil shows for the entire basal Etchegoin (Figure 

30).  The gas shows, however, are very strong over the entirety.  The remarks indicate strong 

petroleum odor.  Given its proximity to other wells with positive oil shows, this well may be a case in 

point where the lack of oil shows does not negate the possibility.  The upper portion has been 

interpreted to be a shale and claystone.  The lower portion is indicated to grade into a porcelaneous 

claystone in conjunction with shale and claystone.  Dolomite is also indicated in the lower interval.  

The only value that this well provided in constraining cutoffs was that both the upper (~3500’-3750’) 

and lower (3750’-4050’) zones on the 31S structure are hydrocarbon bearing, but assertively 

identifying those zones was not possible. 

 

Well #10 

The mudlog for Well #10, located on the 31S structure, records primarily claystone in the 

upper portion with porcelaneous claystone and minor shale in the lower portion (Figure 31).  In the 

lower portion, minor amounts of dolomite are also noted.  Gas shows are strong throughout the entire 

interval.  Oil shows are trace in two upper zones and prominent in the lowest interval.  The gas 

increase from ~3650’-3700’ appears to correlate to an increase in porcelaneous claystone.  One 

remark denoted free oil on the shakers and gold sample fluorescence.  As with well #2, this mudlog 

suggests there may be multiple reservoir intervals throughout the basal Etchegoin.  Similarly, it would 

require additional logs to accurately determine reservoir potential.  This well provided value in 

showing hydrocarbon presence throughout the basal Etchegoin on the 31S structure as well as 

associated biosiliceous rock throughout.  Its oil shows only at the base were inconsistent, however, 

with the trends observed by other wells in the area.   
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Figure 30.  Mudlog for well #9.  

The dominant lithologies are 

claystone (red), shale (green), and 

porcelaneous claystone (black).  

Dolomite (magenta) is also noted.  

There are no oil shows, but strong 

gas shows.  Tracks shown from left 

to right are rate of penetration 

(ROP), depth, lithology, oil shows, 

cuttings/ditch gas, and gas 

spectrum for C-1 through C-5.    
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Figure 31.  Mudlog for well #10.  

Dominant lithologies are 

claystone (red), porcelaneous 

claystone (black), and shale 

(green).  Strong gas shows and 

several intervals with oil shows 

are observed.  Tracks shown from 

left to right are rate of penetration 

(ROP), depth, lithology, oil 

shows, cuttings/ditch gas, and gas 

spectrum for C-1 through C-5. 
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Well #11 

Well #11 is a case in point where the mudlog does little to distinguish a reservoir lithology 

(Figure 32).  The entire interval is described as a relatively homogeneous blend of shale and claystone 

with minor limestone.  Comments indicate that the limestone has been replaced by dolomite in places.  

The gas shows are very strong in the upper part of the section and are associated with increased oil 

shows.  The oil shows vary in intensity, but a comment at 4300’ indicates that crude oil was added to 

the mud system, therefore masking any shows for the rest of the well.  This well, as with many others 

on the 31S structure, was useful in that it indicated reservoir potential in both the upper and lower 

zones but it did little to distinguish lithology.   

 

 

Well #12  

 Well #12, located on the 29R structure, had oil shows in the lower zones (Figure 33).  Gas 

shows increased steadily to a maximum at ~4500’.  Sands / silts are denoted in the upper portion, 

being replaced by porcelaneous claystone at depth.  Most of the interval is classified as claystone.  

This well is lithologically very similar to well #6, but the shows are more evenly distributed in #12.  

Both are very poor at distinguishing potential reservoir but do indicate the lower portion to be more 

prospective.  This well was valuable in demonstrating the increased sand / silt content in the upper 

zones on the 29R structure and showed the greatest potential in the lower zones. 
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Figure 32.  Mudlog for well #11.  

Lithologies observed were shale 

(green) and claystone (red) with minor 

limestone traces (blue).  Oil shows are 

intermittent with associated gas shows 

until a depth of 4300’ where crude oil 

was added to the mud system, thus 

masking any further shows.  Tracks 

shown from left to right are rate of 

penetration (ROP), depth, lithology, oil 

shows, cuttings/ditch gas, and gas 

spectrum for C-1 through C-5. 
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Figure 33.  Mudlog 

for well #12.  

Lithologies observed 

were dominantly 

claystone with minor 

sand/silt in the upper 

zones and 

porcelaneous clay 

stone in the lower.  

Oil shows are 

consistent with 

increasing associated 

gas shows.  Tracks 

shown from left to 

right are rate of 

penetration (ROP), 

depth, lithology, oil 

shows, cuttings/ditch 

gas, and gas 

spectrum for C-1 

through C-5. 
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Summary of mud log interpretations 

Upon review of these mudlogs, several trends are notable.  The variability of 

lithologic interpretation is evident.  In wells #1 and #11, the mudlogger did not differentiate 

any intervals and characterized the entire zone as one mixed lithology.  These wells are on 

the 31S structure and are relatively close to #2, #7, #8, #9, and #10, which also include 

porcelaneous claystone as a lithology (Figure 8).  Biogenic silica is not sediment which 

occurs in channel or turbidite deposits; rather it is a pelagic deposit.  Therefore, it is 

reasonable to assume that the biosiliceous intervals should have wide lateral extent, and that 

the absence of porcelanite in wells #1 and #11 is a function of interpretation.   

Wells #3, #6, and #12 are located in the western portion of the field on the 29R 

structure.  Each of these wells, when compared to those on the 31S structure, was identified 

to have a much larger constituent of sand and/or silt as a reservoir component.   The wells in 

the eastern part of the field (31S structure) have some shallow indication of porcelanitic rock, 

but all wells show a general trend of biosilica increasing with depth.  The greatest value in 

this information is in an overall geologic characterization of the unit and, in particular, the 

depositional setting which will be covered later in the discussion section. 

  In each well, presence and variability in the intensity of gas shows suggests that 

hydrocarbons are present.  The oil shows are far less consistent.  In some of the wells, they 

appear localized while in others they seem to be present throughout the entire interval.  The 

wells located to the east have strong shows in both the upper and lower zones whereas those 

in the west are mostly restricted to the lower zones.  This is a very important factor in 

constraining the RSVR curve and cut-offs because it provides vertical and lateral control on 

potentially productive intervals within the basal Etchegoin.  Consequently, in conjunction 
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with other data (e.g., image logs and core data), the X and Y coefficients were gradually 

adjusted to capture the prospective zones identified by the mudlogs. 

The lithologic information as well as the hydrocarbon indicators presented in the 

mudlogs suggest that, in moving across the field, there is a change in the makeup of the 

reservoir lithology as well as which intervals are most prospective.  All of the mudlogs lack 

the resolution to make anything more than qualitative characterizations and all require 

additional logs to properly assess the potential.  

 

Image Logs 

 The function that image logs served in refining the reservoir and pay definition was to 

visually observe the fabric of the reservoir, primarily the propensity of the rock to fracture.  

Also shown was the nature of the sand present in the system and direct evidence of 

hydrocarbon entry into the wellbore.  Seven of the eleven subject wells that had image logs 

will be discussed in this section, first examining the wells on the 29R structure and then those 

on the 31S structure.  Finally, a very short discussion is presented on the identification of 

dolomite.  The basal Etchegoin has been locally divided into five zones, with zone 1 being 

the shallowest and zone 5 being the deepest; when they are referred to in this section, the 

correlations came from the standard logs. 

 

Images on the 29R structure 

In the lower zones on the 29R structure, the image logs did not identify any distinct 

sandstone layers, but rather indicated that the sand recognized on mudlogs was part of the 

composite biosiliceous/clastic lithology.  This is important because having a bimodal 
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reservoir is a fundamental element of the petrophysical model.  No evidence of thick sands is 

apparent on image logs in any portion of the basal Etchegoin.  Sands in the upper Etchegoin 

are not typically thick, but do exhibit a characteristic lack of definition in the bedding due to 

intense bioturbation, much as a massive sand would (Cobos, 2006).  In images, the sands 

appear very “grainy”.  Well #6 had image data that was recorded over some of the 

Calitroleum sands in the upper Etchegoin and the data provide a good example of the texture 

that is normally associated with that lithology (Figure 34).  In zone 4 of well #6, there is 

some appearance of the “grainy” texture, but only in thin lenses or as rougher textured 

porcelanite (Figure 35).  Well #12 also has the smooth, stratified texture of a porcelanite with 

no indication of sands (Figure 36).  The westernmost well, #4 shows the greatest possibility 

of sand lenses in the deepest part of the section, zone 5, though difficult to say assertively 

from the image alone (Figure 37).  The lack of individual sand layers supports the notion that 

the reservoir is a mixed biosiliceous/clastic composition.  This information serves its greatest 

function in validating the assumptions of the petrophysical model and in the geologic / 

depositional characterization that will be covered in the Discussion section. 

Fracturing identified by image logs on the 29R structure is most prevalent in zones 3-

5 and as such is very valuable in helping constrain the reservoir deliverability curve and the 

pay cutoff.  Well #6 shows a small bit of fracturing evident; however most of it appears to be 

associated with microfaulting (Figure 35).  The lack of fracturing may be indicative of the 

sand component of the rock which, in addition to clays, acts as an impurity, thus making the 

rock more ductile.  Similarly, zone 4 of well #12 shows faulting, but very little non-

associated fracturing (Figure 36).  Both of these wells tested poorly, furthering supporting the 

importance of fractures in fluid flow.  Well #4 is the westernmost well that has an image log.  
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In that well, zone 4 shows both fracturing with, and independent of faulting which may be a 

sign of increased reservoir quality and as such is a good control for the reservoir 

deliverability curve, RSVR (Figure 38).  Mudlogs gave an initial indication that the likely 

reservoir units would be in the deeper zones of the basal Etchegoin in the west and each of 

the three wells presented in this section had the most intense fracturing in zones 4 and 5, 

supporting that notion.  Accordingly, the X and Y coefficients of the RSVR curve were 

adjusted to include these zones of fracturing as potential reservoir. 

 

Figure 34.  An upper Etchegoin Calitroleum sandstone/siltstone from well #6 is shown.  Note the textural 

difference between the highlighted interval and that of the highly stratified beds around it.  There is lack of 

definition of bedding planes and a much more “grainy” appearance.  The interval shown is approximately 15 

feet.  Static and dynamic images are displayed on the left and right, respectively.   
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Figure 35.  The image log for a portion of zone 4 of well #6 is shown.  There is some indication of a sandy 

texture in the rock, but no sandstone / siltstone beds.  Rather it appears that any sand constituent occurs as an 

impurity in the porcelanite beds.  Several faults are visible in this section. Static and dynamic images are 

displayed on the left and right, respectively. 
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Figure 36.  The image log for a portion of zone 4 of well #12  is shown.  Nearly all open fractures are (black 

trace and tadpole) associated with small scale faulting (magenta traces and symbols).  The interval appears to 

have the texture of porcelanite, not sand.  Dynamic and static images are displayed on the left and right, 

respectively. 
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Figure 37.  The image log for a portion of zone 5 of well #4 shows the greatest likelihood of sand lenses.  The 

highlighted beds have an apparent texture similar that of sandstone / siltstone.  Distinguishing the mineralogy 

with absolute certainty is not possible, however, with the use of image logs alone. Dynamic and static images 

are displayed on the left and right, respectively. 
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Figure 38.  The image log for a portion of zone 4 of well #4 shows both fracturing (black tadpoles and traces) 

and faulting (magenta fault symbols), possibly correlative to increased reservoir quality.  Dynamic and static 

images are displayed on the left and right, respectively. 
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Images on the 31S structure 

 

The image logs on the 31S structure were very helpful at constraining the intervals 

that were potentially productive because there were clearly zones of more intense fracturing, 

often with direct evidence of gas entering the wellbore.  In some cases, textural variations 

could be observed distinguishing the reservoir unit.  A fundamental difference between the 

31S structure and the 29R structure is that, on 31S, calibration of the reservoir and pay 

indicators resulted in the inclusion of both the upper and lower zones.   

The upper zones (1 and 2) were more identifiable by textural difference and those 

purer zones showed both fracturing and gas entry.  Figure 39 shows that one of the 

biosiliceous intervals of zone 1 in well #8 is clearly different from the surrounding intervals.  

The zone contains a large fracture from which gas is entering the wellbore. Gas entry is also 

pronounced in zone 2 of well #9 (Figure 40).  The abundance gives positive indication of 

hydrocarbons and a definite target as potential reservoir.  In this case, very few fractures are 

evident on the image log.  It is possible that the gas is coming from fractures, the aperture of 

which is too small to resolve with these tools.  Core data often demonstrate this type of 

fracturing which is only viewable at the scale of thin sections.  The production tests included 

this interval and were successful, thus helping to refine the reservoir and pay cut-offs.  Again, 

X and Y coefficients were adjusted for the RSVR curve to capture the purer, fractured 

intervals as well as those with gas entry into the wellbore. 

 The lower zones in the 31S wells also showed fractures and gas entry, particularly in 

the zones identified by the petrophysical model to be purer biosilica.  High fracture density is 

observed in the clean portions of zone 3 of well #9 and zones 3 and 5 of well #13 (Figures 
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41-43).  The fractures in these wells hold a consistent orientation.  Most have a dip > 40º and 

all are oriented roughly NE-SW.  No mineralization was visible on the fractures, likely 

indicating that they represent the current, primary horizontal stress.  This can be valuable 

information when trying to either plan a well or designing a stimulation treatment such as 

hydraulic fracturing.   

Gas entry from the fractures is observed in zone 5 of Well #13 (Figure 42).  The 

visibility of gas may indicate that only at that depth was the pressure of the drilling fluid 

column low enough for the formation pressure to overcome it and allow hydrocarbons into 

the wellbore.  It is important to note that the hydrocarbons produced from each of the tested 

wells, which are presented later in this section, were predominantly oil, not gas.  This is 

likely due to near-wellbore pressure drop releasing gas from oil that is near bubble point.  

PVT studies could confirm this from composition of the oil.   
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Figure 39.  A biosiliceous interval of zone 1 in well #8 is shown.  The lighter colored zone is clearly 

distinguishable from the surrounding shales.  A large fracture propagates across the center of the unit and from 

it gas (very resistive – white) is entering the wellbore.  Bed dips are shown in green and the fracture is plotted in 

black. Dynamic and static images are displayed on the left and right, respectively. 
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Figure 40. The image log for a portion of zone 2, well #9.  Abundant gas is observed entering the wellbore at 

various depths.  The gas is distinguishable as very bright streaks that wander up the well – i.e. entry at 3695’ 

and 3687’.  Dynamic and static images are displayed on the left and right, respectively. 
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Figure 41.  A portion of zone 3, Well #13 across a biosiliceous interval contains many fractures (traced in 

black).  The tadpoles indicate a dip of 50-70º with a strike of NE-SW.  Dynamic and static images are displayed 

on the left and right, respectively. 
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Figure 42.  The image log for a portion of zone 5, Well #13 across a biosiliceous interval contains many 

fractures (traced in black).  The tadpoles indicate a dip of 40-50º with a strike of NE-SW.  Gas entry is observed 

from the fracture at 4093’.  Dynamic and static images are displayed on the left and right, respectively. 
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Figure 43.  A biosiliceous interval in Well #9, zone 3 exhibits intense fracturing.  Fractures (traced in black) 

consistently orient NE-SW with dips ranging from 50-70º.  Minimal gas entry is observed.  Dynamic and static 

images are displayed on the left and right, respectively. 
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Recognition of Dolomite on Image Logs 

 Although not critical to the petrophysical model and usually distinguishable on 

conventional logs, the presence of dolomite can be confirmed with image logs.  Mudlogs 

indicated sporadic occurrences of dolomite and it is important to understand the distribution 

because the characteristic high resistivity could falsely increase oil saturation.  Also, fine 

scale fracturing commonly associated with dolomite may have an impact on completion 

approaches.  An example of one of these beds from well #11 is shown in Figure 44.  These 

tend to occur as thin beds with limited lateral extent (Garrison, 2007; Boles and Ramseyer, 

1987; Baker and Burns, 1985).  

 

Figure 44.  Dolomite 

occurrence in well #11 at 

4326’.  The dolomite beds are 

distinguishable by high 

resistivity and apparent fine 

scale fracturing. Dynamic and 

static images are displayed on 

the left and right, respectively.  

The black line on the static 

image is the gamma ray.  The 

features that appear as vertical 

fracturing throughout the 

section are actually borehole 

breakout, wherein the walls of 

the borehole have failed due to 

localized stresses. 
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Conventional Core 

 

The conventional core was critical to the development, validation, and refinement of 

the petrophysical model as well as the geologic / depositional characterization.  Through the 

use of mudlogs, image logs, and conventional logs, intervals had been identified as potential 

reservoir units and core was subsequently cut targeting those intervals in six wells.  Three of 

those cores will be discussed in this section demonstrating the various manners that the XRD, 

MICP, photos, and thin sections were used.   

 

Core: XRD 

Mineralogy data from XRD analyses were used to calibrate reservoir lithology 

prediction in the model as well as geologic characterization.  The suggestion of differing 

composition between the eastern and western areas of the field is also supported by the XRD 

data.  The petrophysical model grouped the volumes of different minerals into biogenic 

silica, clays, and detritus.  Plotted together on a ternary diagram, the key wells used in the 

model show a distinct difference in composition, validating the need for two sets of model 

parameters (Figure 45).  Well #1, which is located on the 31S structure (east), shows much 

more biogenic silica.  On the west side of the field on the 29R structure, well #3 has a far 

higher constituent of detrital / clastic material.  This difference in composition and 

implications on depositional environment will be covered in the Discussion section. 

The XRD analyses of both well #1 and #3 showed large amounts of clay in the 

samples, up to 40 %.  The great majority of the clays were found to be mixed-layer 

illite/smectite.  The reports from Core Lab for these two wells only provided the amount of 
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mixed layer illite/smectite clays, but their report on well #6 differentiated what percentage of 

the layers were each clay type.  Of that, up to 90% of the layers are smectite (shown later in 

Figures 50-52).  This knowledge aids in completion decisions.  High levels of smectite 

suggest the rock is very immature (Ramseyer and Boles, 1986).  This is in agreement with 

the diagenetic state of the biogenic sediments, in that they have not converted from opal-CT 

to quartz.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45.  Ternary diagram of the mineralogy for well #1 and well #3.  Well #3 is in the western part of the 

field on the 29R structure.  Well #1 is relatively crestal on the 31S structure.  The plot demonstrates that clastic 

content increases to the west and biogenic silica content is reduced.  Both areas can contain high amounts of 

clays.  The mineralogy data were from the XRD analyses perfomed by Core Lab and the lithologic groups are 

defined earlier in the text. 
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Core: MICP 

Mercury injection capillary pressure data (MICP) were acquired on several wells.  

The injection pressure profile is directly correlative to the pore throat distribution.  In a 

homogeneous reservoir, the pore throats will have similar apertures.  In these samples, a 

bimodal distribution of pore throat apertures was observed.  The two peaks represent 

different pore throat apertures (Wardlaw and Taylor, 1976).  In this case, one peak represents 

the silt / sand detritus and the other is that of the biosilica.  Figure 46 is a MICP analysis from 

Well #1 in which both peaks are clearly distinguishable.  These data serve to validate the 

assumption of the petrophysical model that a dual reservoir system exists. 
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Figure 46.  A plot of pore size distribution for well #1 taken from MICP data from tests performed by Core Lab.  

The bimodal distribution indicates a two component reservoir rock.  The highest peak is that of biosilica which 

has the smaller pore throats.  The smaller peak is the detrital clastic material that has a higher permeability.   
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Core: Photos 

 Analysis of the UV core photos was requisite to help identify differences in lithologic 

units.  Recognizing a traditional sandstone or carbonate reservoir is normally a simple task 

even with the naked eye.  Discerning the silty biosiliceous intervals from the surrounding 

shale is very difficult in this mixed-lithology.  Figure 47 shows a portion of the core from 

well #1 which demonstrates the ambiguity.  Other than a very mild difference in color, there 

is no striking fabric or texture to delineate between the two.   UV core photos provide a bit 

more clarity to the differentiating reservoir and/or pay zones.  Figure 48 is a section of core 

from well #6 under both plain and UV light.  The fluorescence of the oil under UV light 

shows a distinct difference in the rock, highlighting the hydrocarbon saturated intervals.  At a 

minimum, this confirms a change in the fabric of the rock to a zone which contains 

hydrocarbons.  Whether or not the hydrocarbons are movable is indeterminable from core 

photos.  Subsequent core tests of such zones would then be used to measure saturations and 

the mineralogical composition.  Comparing these photos to the petrophysical model enabled 

further refinement of the reservoir and pay indicators by clearly identifying zones which 

needed to be included on the basis of confirmed hydrocarbon presence. 

 Core is also useful in identifying fractured intervals.  Interpretation must be done 

cautiously because the coring process regularly induces fractures.  Diagnosis for natural 

occurrence can be made through features such as slickensides and mineral deposition on the 

face of the fracture.  Additionally, the stress field dictates that most fractures should form 

oriented sub-vertically.  Plain and UV photos from well #6 show a large, natural, sub-vertical 

fracture as well as coring induced features (Figure 49).  Determining which intervals are 
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fractured helps identify the zones of brittle rock.  In the case of biosilica, this reflects a purer 

rock and thus, prospective reservoir.   

 

 

Figure 47.  Slabbed core photos from Well #1.  Fabric of the reservoir and determination of pay is extremely 

difficult from visual inspection of the core.  The non-reservoir unit is indistinguishable from the reservoir.  Core 

plugs were taken every foot as is visible at 3703.5’, 3704.5’, etc.  
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Figure 48.  Plain and UV core photos of Well #6.  It is difficult to distinguish reservoir quality in plain light.  

UV fluorescence identifies a potential pay interval. 
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Figure 49.  Plain and UV core photos from well #6 showing both natural and induced fractures in the core.  

Natural fractures are usually sub-vertical (Kulander et al., 1990).  There is also evidence of mineral deposition 

on the faces of the fracture, likely calcite.  There is very mild fluorescence under UV light, probably indicating 

that though it contains hydrocarbons, this is not a pay zone. 
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Core: thin sections 

 Thin sections provided additional resolution to distinguish the fabric and composition 

of the rock that was not possible through mere visual inspection of the core, especially when 

the thin sections are accompanied by the corresponding XRD analyses.  The biosilica is 

microcrystalline or amorphous and indiscernible from the clay matrix visually (Figures 50-

52).  Often, the greatest portion of the porosity associated with it is microporosity.  

Intergranular porosity is visible between the silt- to sand-sized clastic detrital grains which 

are dominantly quartz and feldspar.  It is a visual confirmation of the bimodal reservoir. 

In the 29R structure, the anticlinal structure with higher detrital content, it is observed 

that, at shallower depths, the content of biosilica decreases and clastics increase. Three thin 

section samples with XRD analyses from well #6 demonstrate this phenomenon (Figures 50-

52).  In each sample, the quartz crystallinity index (QCI) was measured.  The QCI value 

decreases with depth which is indicative of an increase in biogenic versus detrital sources of 

quartz (Murata and Norman, 1976).   With depth, these detrital grains appear as laminae, 

whereas shallower samples appear more disordered or bioturbated. The implications of the 

layering on construction of the depositional setting will be covered in more detail in the 

Discussion section. 
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X-RAY DIFFRACTION DATA 

Whole Rock Mineralogy (Wt. %) Absolute Clay Abundances (Wt. %) 

 Quartz   20  Total Clay   38 

 Opal CT  8  Illite / Smectite*  28.1 

 K-Feldspar  7  Illite & Mica  7.6 

 Plagioclase  18  Kaolinite  1.1 

 Fluorapatite  0  Chlorite     1.1 

 Dolomite  Tr 

 Siderite  3 
*mixed-layer Illite/Smectite with 80-90% smectite 

layers 

 Pyrite  4 Silica Phase Information 

 Clinoptilolite  2  Opal CT d{101}  4.08 

 Amphibole   0  Quartz C.I.   8.3 

 

Figure 50.  Thin section and mineralogy– well #6, 4125.5’.  Quartz (Q) and plagioclase (Pl) dominate the 

detrital grains in this sample with only 8 wt% Opal-CT.  The clay matrix (DCM) content is very high.  Also 

shown are pyrite (Py), siderite (Sid), rock fragments (TRF), and secondary porosity (sp).  The sample is 

presented under two magnifications and rotated.  Petrographic and XRD analysis were performed by Core Lab.      
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X-RAY DIFFRACTION DATA 

Whole Rock Mineralogy (Wt. %) Absolute Clay Abundances (Wt. %) 

 Quartz   21  Total Clay   22 

 Opal CT  36  Illite / Smectite*  13.4 

 K-Feldspar  3  Illite & Mica  6.6 

 Plagioclase  12  Kaolinite  1.1 

 Fluorapatite  0  Chlorite     0.9 

 Dolomite  Tr 

 Siderite  2 
*mixed-layer Illite/Smectite with 80-90% 

smectite layers 

 Pyrite  4 Silica Phase Information 

 Clinoptilolite  0  Opal CT d{101}  4.06 

 Amphibole   0  Quartz C.I.   7.8 

 

Figure 51.  Thin section and mineralogy– well #6, 4607’.  Quartz (Q) and plagioclase (Pl) dominate the detrital 

grains in this sample.  The content of Opal-CT is nearly equal to that of the detritus.  The clay matrix (DCM) 

content is high.  Also shown are pyrite (Py), rock fragments (TRF and ARF), and secondary porosity (sp).  The 

sample is presented under two magnifications and rotated.  Petrographic and XRD analysis were performed by 

Core Lab.        
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X-RAY DIFFRACTION DATA 

Whole Rock Mineralogy (Wt. %) Absolute Clay Abundances (Wt. %) 

 Quartz   19  Total Clay   23 

 Opal CT  41  Illite / Smectite*  14.7 

 K-Feldspar  2  Illite & Mica  6.7 

 Plagioclase  9  Kaolinite  0.9 

 Fluorapatite  0  Chlorite     0.7 

 Dolomite  0 

 Siderite  2 
*mixed-layer Illite/Smectite with 80-90% 

smectite layers 

 Pyrite  4 Silica Phase Information 

 Clinoptilolite  0  Opal CT d{101}  4.07 

 Amphibole   0  Quartz C.I.   7.6 

 

Figure 52.  Thin section and mineralogy– well #6, 4653.5’.  Opal-CT is the dominant mineral in this sample.  

Quartz (Q) and plagioclase (Pl) comprise the majority of  the detrital grains.  The clay matrix (DCM) content is 

high.  Also shown are pyrite (Py) and secondary porosity (sp). The sample is presented under two 

magnifications and rotated.   Petrographic and XRD analysis were performed by Core Lab.      
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Production tests 

 

Wireline logs, mudlogs, image logs, and core have been used to identify the reservoir 

and pay zones, but these assumptions require validation and final refinement through 

production tests.  Eight wells that were production tested were used to accomplish this task.   

 The initial production of the eight wells is shown in figure 53.  Using the test results 

from these wells, the definition of the reservoir and pay flags in the model was refined and 

qualitatively confirmed by modifying the RSVR coefficients and cut-offs to properly include 

or exclude zones accordingly.  The petrophysical interpretation is shown for each of these 

wells in Figures 54-61.  Each interpretation shows the perforated intervals, the interpreted 

pay flags, and the resultant production.  For an explanation of the presentation format refer to 

Figure 22.  When available digitally, the mudlog oil shows were also included.   
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Initial Production Tests 

Well  oil (bpd) water (bpd) gas (mcfpd) quality 

avg. 
RSVR 

(in 
perfs) 

avg 
RSVR 
(w/ pay 
in perfs) 

total pay 
in 

perfs(ft) 
2 65 81 56 good 1.32 2.46 35.5
6 0.5 7 23 bad 0.48 0.5 20.5
8 50 78 96 good 0.67 0.79 62
9 51 204 99 good 0.82 1.19 46.25

10 30 113 79 good 0.59 0.68 38
11 57 19 154 good 0.9 0.99 122
14 0.2 170 37 bad 0 0 0
16 0 6 2 bad 0.36 0.45 2

 

Figure 53.  Initial production tests of eight wells perforated in various portions of the basal Etchegoin.  These 

values were used in conjunction with data from mudlogs, image logs, and core to empirically derive the 

reservoir and pay cut-offs.  The determination of quality is a qualitative statement of how the well produced in 

comparison to the other wells tested and, accordingly, those wells classified as “good”  had more pay or better 

reservoir quality, as determined by the RSVR curve.  For example, note the relative dearth of pay flags on the 

petrophysical interpretations of the “bad” wells compared to those of the “good” wells in Figures 54-61.  The 

average RSVR in perforations reflects the quality of the rock that was included in the completion interval.  The 

average RSVR with pay in the perforated intervals reflects the quality of the rock that qualified as pay, based 

upon water saturation cutoffs; it is this value that truly represents portion of the rock which is contributing to 

production.  Total pay in perforations is a sum of the footage within the completion interval which qualified as 

pay, regardless of the rock quality.     
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Figure 54.  Petrophysical interpretation for well #2.  The pay flags correlate well to the oil shows from the 

mudlog.  Zones 1 and 2 have large pay flag intervals.  Several places in zones 3-5 qualify as reservoir but have 

only small indications of pay.  Perforation intervals are shown in the depth track.  The initial production was 

65/81/56 (bopd / bwpd / mcfpd).  Relatively pure intervals of biosilica are found in zones 1 and 2.  This well is 

located on the 31S structure. 
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Figure 55. Petrophysical interpretation of well #6.  Most of the Basal Etchegoin in this well is too argillaceous 

to be classified as reservoir.  Zone 5 does qualify as reservoir, but the water saturation is too high and only a 

few sparse pay flags exist.  The perforated interval  is indicated in the depth track.  The initial production was 

0.5/7/23 (bopd / bwpd / mcfpd).  Located on the 29R structure, this well has increased clastic detrital content.   
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Figure 56.  Petrophysical interpretation for well #8.  Very good pay flags exist in zones 1 and 2 corresponding 

to the perforated intervals (shown in the depth track).  Smaller pay flags are shown at each of the perforation 

intervals in zones 3-5.  Oil shows are only present from ~3880’ down.  Initial production was 50/78/96 (bopd / 

bwpd / mcfpd).  Well #8 is located on the 31S structure. 
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Figure 57.  Petrophysical interpretation for well # 9.  As with other wells production tested on the 31S structure, 

the largest pay flags are in zones 1 and 2.  Zones 3 and 4 have only minor indications of pay.  The perforations 

(shown in the depth track) yielded an initial production of 51/204/99 (bopd / bwpd / mcfpd).   
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Figure 58. Petrophysical interpretation for well #10.  Zone 2 has s very large pay flag.  Very minor pay is 

indicated in zones 4 and 5.  No pay is shown in the perforated interval of zone 3.  The mudlog only identifies oil 

shows below 4020’.   Initial production was 30/113/79 (bopd / bwpd / mcfpd).   This is less than the other 31S 

wells, which is commensurate with the amount of rock identified as pay. 
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Figure 59. Petrophysical interpretation for well #11.  The mudlog indicates good oil shows throughout zones 1 

and 2.  Good pay flags are present in those zones and all were perforated (shown in the depth track).   Six other 

intervals were perforated, but only zone 4 interval shows a small pay flag.   The initial production was 57/19/54 

(bopd / bwpd / mcfpd).  Well #11 is located on the 31S structure. 
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Figure 60.  Petrophysical interpretation for well #14.  This well is too argillaceous to have any portion of the 

Basal Etchegoin to be classified as reservoir quality.  Several intervals were perforated (shown in the depth 

track), with a resultant IP of trace oil/170/37 (bopd / bwpd / mcfpd).  Well #14 is located in the structural saddle 

between the 31S and 29R anticlines.   
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Figure 61. Petrophysical interpretation for well #16.  Several of the zones qualify as reservoir rock, but all have 

too high of a water saturation (above 72%) and as such, no pay flags are shown.  The initial production was 

0/6/2 (bopd / bwpd / mcfpd).   Well #16 is located on the 31S structure.  
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DISCUSSION 

 Upon completion of the development of the petrophysical model, it was applied to 

250+ wells for use in further reservoir characterization, well planning, and mapping 

geologically significant log-based indicators of lithology.  In this section the model’s 

validity, strengths, and weaknesses will be discussed.  Second, an interpretation of the data 

toward constraining the depositional environment of the basal Etchegoin Formation at Elk 

Hills will be presented.   

 

Limitations of the Petrophysical Model 

 The technique of using the density / neutron porosity separation allowed for the 

accurate estimation of relative volumes of clay, clastic detritus, and biosilica as well as 

porosity and water saturation in both of the calibration wells (Figures 22 and 23).  It is 

important to acknowledge, however, that there are limitations to its utility.  The concerns 

include limited stratigraphic applicability as well as the amount of core coverage and 

production tests that were available for model refinement.  

Limited stratigraphic applicability 

The petrophysical model worked well for the +/- 1000’ thickness of the basal 

Etchegoin, primarily because these biogenic sediments did not undergo the change to quartz.  

The burial history and composition of the rock dictate when this transformation will occur, 

and with the high detrital content of these rocks, it can happen relatively quickly (e.g., Figure 



104 
 

62).  Using this information, the range of conditions under which the petrophysical model is 

applicable can be estimated.   

By knowing the detrital content and the d-spacing of the opal-CT, it can be estimated 

how far along in diagenesis it has progressed (Rice et al., 1995; Williams and Crerar, 1985; 

Mizutani, 1977; and many others).  In well #6, where most of the measured samples have 

detrital content ranging from 20-50 wt%, the initial d-spacing should not have been any 

higher than 4.08 Å.  The value of the d-spacing measured in these samples was 4.06Å when 

biosilica is > 20 wt % (Figure 63).  At values less than 4.06Å and an absolute minimum of 

4.04 Å, the transformation occurs very quickly (Figure 62).  Thus, the opal-CT in the basal 

Etchegoin on the 29R structure is likely to be close to the opal-CT/quartz phase transition. 

The Quartz Crystallinity Index (QCI) can also be used to understand the diagenetic 

state of the opal-CT.  In the same samples from well #6, the QCI in the deepest samples is as 

low as 6.6 whereas the shallower samples have a QCI of ~8.3 (Figure 63).  The decrease in 

the value with depth likely indicates that portions of the quartz are biogenic in origin, not just 

detrital.  Therefore, an indeterminate volume of the opal-CT has presumably undergone 

phase change to quartz porcelanite and, considering the d-spacing value of those samples, the 

rest is probably very close.  If the lithology were to also include quartz porcelanite as a major 

constituent, the model would not work because the grain density would be too close to that of 

the detrital sediments.  
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Figure 62. Phase change diagram for biosilica relative to the d-spacing of opal-CT.  The initial d-spacing is 

dependent upon the amount of detrital material, but the final value before transition to quartz is approximately 

4.05Å, regardless of composition.  Thus, the higher the detrital content, the more rapidly opal-CT will convert 

to quartz (after Williams and Crerar, 1985). 

 

 

 

Figure 63.  Table of opal-CT d-spacing and QCI for samples 

from well #6.  These data are taken from the XRD core 

analyses performed by Core Lab.  Values of 4.06Å indicate 

that the opal-CT is approaching the phase change to quartz 

porcelanite.  The decreasing QCI with depth indicates that 

some of the opal-CT may already have converted to quartz.  

 

Well #6 

Depth 
(feet) 

Opal-CT 
(wt%) 

Opal CT 
d{101} 

Quartz 
C.I. 

        
4102.50 6 4.08 8.3 
4125.50 8 4.08 8.3 
4134.50 6 4.08 8.8 
4136.50 6 4.07 8.2 
4143.50 6 4.07 8.0 
4267.30 13 4.08 8.9 
4272.50 7 4.08 8.7 
4273.50 5 4.08 9.8 
4580.10 43 4.06 6.6 
4607.00 36 4.06 7.8 
4612.40 34 4.06 7.8 
4653.50 41 4.07 7.6 
4668.55 25 4.06 7.8 
4676.10 35 4.06 6.8 



106 
 

Need for additional core coverage and production tests 

Only a portion of the basal Etchegoin Formation was cored.  In each of the calibration 

wells, the core that was acquired was dominantly in areas that, prior to characterization, were 

assumed to be potential reservoir targets.  Consequently, the surrounding shale or highly 

argillaceous rocks may not be accurately represented in the petrophysical model.  The core 

data plotted on Figures 22 and 23 demonstrate the lithologies represented.  The extensive 

effort that was undertaken to establish reservoir and pay cutoffs should mitigate the problem, 

but nonetheless it should be acknowledged.   

The majority of the production tests were conducted on the 31S structure; only two 

were tested on the 29R structure, wells #6 and #12.  Unfortunately, the test results from well 

#12 were so erratic that it was excluded from the calibration.  It is unknown why the test 

results were so inconsistent - perhaps equipment error.  More tests would be valuable on the 

29R structure to refine or validate the reservoir and pay indicators. 

 

Depositional Setting 

Previous workers have interpreted that, at the beginning of Etchegoin deposition 

during the late Miocene, the southwestern San Joaquin Basin was a deep marine 

environment.  In response to contemporaneous tectonism, the basin gradually shoaled into a 

deltaic shallow marine environment (Reid, 1995; Bartow, 1991; Loomis, 1990; and others).  

The thin sections that were taken from well #6 showed an interesting trend that supports this 

interpretation (Figures 50-52).  The occurrences of silt in the deeper sections appear as very 

thin laminae, but clearly layered.  Progressively moving up the section, the layering becomes 
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increasingly disordered until it is homogeneously distributed, perhaps due to bioturbation.  

The layering of porcelanites is known to be a function of lower energy environments 

(Govean and Garrison, 1981).  Additionally, increased layering in the deeper samples could 

be due, in part, to anoxic conditions which prevented bioturbation by burrowing organisms.  

Thus, water depth was probably greater in the lower zones and gradual loss of layering is 

likely evidence of the shoaling that occurred.   

At the time of deposition, the Coast Ranges to the west were eroding into the basin 

(Bartow, 1991).  Mineralogy data from XRD analysis of the cores (Figures 45, 50-52) are 

consistent with a regime that is richer in sand / silt to the west and eventually dominated by 

biosilica in the east.  Lithologies identified on the mudlogs indicate the same distribution of 

sediments moving from the west side of the field (Figures 26-27, 33) to the east (Figures 25, 

29, 31). Thus, increased volume of sand / silt to the west is likely a function of the proximity 

to the clastic source.   

The more clastic-rich sediments in the west may not solely be a function of eustatic 

change, but also local tectonics.  It may reflect a steep margin that, for a period of time, 

continued to deposit clastic sediments very proximal to the source.  The presence of detrital 

material and higher energy environments would make it more difficult for the diatoms to 

bloom.  Tectonic uplift would also have caused shoaling to affect the west earlier than the 

east, pushing the diatoms further into the basin depocenter.  This could explain why 

biosiliceous intervals are present in the upper zones of the 31S structure while the time 

equivalent zones are almost completely clastic on the 29R structure.  Application of the 

petrophysical model to hundreds of wells enabled the mapping of results across the Elk Hills 

field; these results indicate such a distribution of biosilica (Figure 64). 
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SUMMARY AND CONCLUSIONS 

 

This study endeavored to characterize the basal Etchegoin Formation at Elk Hills both 

petrophysically and geologically.  The effort was three-fold: 1) the derivation of a 

petrophysical model from standard log data that accurately predicted lithology and fluid 

properties 2) the use of mudlogs, image logs, core data, and production tests to establish 

reservoir and pay indicators, and 3) the integration of information gained from the first two 

steps to better constrain production potential and the depositional environment of the basal 

Etchegoin throughout the Elk Hills oil field. 

 

Petrophysical Model 

The basal Etchegoin is a difficult unit to characterize petrophysically because it is 

comprised of complex lithologies.  The reservoir units associated with this formation consist 

of a clay-rich bimodal composition that is alternately dominated by silt/sand and biosilica, 

the latter of which is predominantly in the phase of opal-CT, a low grain density phase. 

Further complicating the problem is the fact that in the basal Etchegoin, much of the opal-CT  

appears to be close to the diagenetic transition from opal-CT to quartz.  During silica 

diagenesis, grain density and porosity undergo drastic changes.  These characteristics of opal-

CT, as well as the variable mix of clays and detritus, preclude traditional petrophysical 

interpretation wherein the result would falsely represent porosity, clay content, and water 

saturation.   

The solution to this problem is a petrophysical model predicated upon the separation 

between the density and neutron porosities as an indicator of rock composition.  Bulk density 
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measured by the density tool is influenced by the content of biosilica (i.e.-bulk density 

decreases) but the presence of detrital grains and clay in the basal Etchegoin interferes with 

this log response (Figure 11).  Therefore, bulk density alone cannot be used to determine 

grain density and porosity in these sediments.  Because the response of the neutron porosity 

is not as adversely affected as the density tool by biosilica, the model relies upon, instead, the 

amount of separation between the density and neutron porosity logs as an indicator of 

biosilica content.  This separation was, in turn, used as a basis from which to accurately 

estimate reservoir properties such as porosity, clay content, and water saturation.  Regression 

analysis with lithologic data from core analyses demonstrated high values of correlation 

coefficients which strongly support this presumption (Figures 12-21).  This approach 

effectively mitigated the problem and provided accurate petrophysical proxies for both rock 

and fluid properties (Figures 22-23, 64).   

Due to the compositional variations found on the two anticlinal structures studied 

(31S and 29R), it was determined that a different set of petrophysical parameters was 

required for each.  Using conventional core and wireline logs from two key wells as 

calibration points, the following steps were used to derive intermediate values of interest 

(e.g., volume of biosilica and clay, grain density, effective porosity) and, finally, water 

saturation: 

 

• Generate DNSEP curve (separation between density and neutron porosities) 

• DNSEP → volume of non-biosilica → volume of clay minerals 

• DNSEP → grain density → total porosity 

• Determine effective porosity by removing clay associated porosity  
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• Input parameters and solve for water saturation in an equation that compensates 

for clay content, in this case the “Indonesian” equation 

 

The final step of the petrophysical model identified prospective reservoir intervals 

and pay zones, a step that required a cyclic process of utilizing specialty data associated with 

sixteen wells to refine the RSVR curve and a water saturation cutoff for pay.  The RSVR curve 

is an empirically derived pseudo-permeability reservoir deliverability indicator dependent on 

clay content.  Refinement of the curve was achieved by gradually modifying the X and Y 

coefficients of the RSVR equation to capture only the intervals identified by the specialty data 

as potentially productive.  These specialty data included mudlogs, image logs, core data, and 

finally, production tests.  

Mudlogs were useful as an initial tool at identifying reservoir targets.  For example, 

oil and gas shows were generally associated with biosiliceous intervals (Figures 24-33).  

These shows provided constraint regarding the locations on the structures, and within which 

zones reservoir quality rock and hydrocarbons were likely located, but with poor depth 

accuracy inherent to mudlogs.  Image logs allowed the fabric of the rock to be determined 

with far greater detail than conventional logs or mudlogs.  Using them, fracturing was 

identified and could often be correlated to rock composition.  As with mudlogs, image logs 

occasionally provided direct evidence of hydrocarbons, but with exceptional depth accuracy 

that mudlogs could not provide (Figures 39, 40, 42). In some cases, gas was observed 

entering the wellbore on the image logs, also refining the target reservoir and pay intervals.  

Core data were essential to understanding the lithologic composition of the reservoir and for 

recognizing potential pay zones.  For example, the core data helped identify biosilica 
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distribution, fracturing, and hydrocarbon saturation.  Production tests on eight wells were the 

ultimate confirmation of what the reservoir could deliver.  Through the use of all of these 

specialty data, the RSVR curve and pay cutoff were established and verified (Figures 54-61). 

Since completion, the newly created petrophysical model has been applied to 250+ 

wells across Elk Hills.  These results have already contributed to a more accurate geologic 

and reservoir characterization (e.g., Figure 64) as well as improved well planning by clearly 

identifying potential targets and refining locations suitable for drilling.  For proprietary 

reasons, no further detail can be given regarding the well planning results. 

The model worked very well, but its utility is stratigraphically limited.  Based upon d-

spacing and quartz crystallinity index measurements from core analyses, there are indications 

that some of the opal-CT is near or already beginning the diagenetic transition to quartz 

(Figures 50-52, 63).  Because the grain density of quartz porcelanite is similar to that of the 

detrital grains, the model will not work if that phase change occurs.  

There are two other possible weaknesses of the model which must be noted.  First, the 

core coverage only exists in what were perceived to be reservoir intervals and consequently, 

the calculations in the more argillaceous rock or shale may not be accurately represented; for 

example, refer to the zones that do not have core data in the two calibration wells (Figures 22 

and 23).  The problem should not be a concern as long as the exercise to define reservoir and 

pay is duly undertaken.  Secondly, the production tests were primarily on the eastern portion 

of the field (31S structure).  Additional tests are needed to provide confirmation of 

reservoir/pay zones on the western side (29R structure). 
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Constraining the Depositional Setting 

  The basal Etchegoin Formation was deposited at the end of the Miocene and into the 

early Pliocene.  Numerous geologic models suggest that, initially, it was a deep water 

environment, followed by a regional and permanent shoaling.  Tectonics associated with the 

movement of the San Andreas Fault are largely responsible.  The basin was closed to the 

open ocean at the southern end as uplift occurred on the west side (Reid, 1995; Bartow, 1991; 

Loomis, 1990; and others).   

The above geological models are supported and augmented in this study by the 

geographic distributions of lithology inferred from the new petrophysical model and by data 

from the mudlogs and core analyses.  Evidence for initially deep water conditions prior to the 

shoaling is observed in the layering trends of the thin sections taken on well #6 on the 29R 

structure wherein the layering progressively increases with depth, representative of lower 

energy and, thus, deeper water (Figures 50-52).   

Data from this study support the contention that clastic sediments were shed from a 

western uplift, (Bartow, 1991).  Clastic sediments are more prevalent to the west (on the 29R 

structure), limiting diatom production in this area.  This lithologic distribution is 

demonstrated by 1) XRD mineralogy data from the two key calibration wells that show 

higher biosilica content in the east than the west (Figure 45), 2) mudlogs that show more 

sand and silt to the west (Figures 26, 27, 33) than in the east (Figures 24-25, 28-32), and 3) 

interpreted wireline log response that indicates biosiliceous deposits in the upper zones occur 

only the eastern side of the field (Figure 64).  Both the aforementioned mudlogs and 

interpreted wireline logs indicate that, in the upper portion of the basal Etchegoin, 

biosiliceous sediments are limited to the eastern side of Elk Hills (31S structure) presumably 
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because clastic input was too great to sustain the diatoms in the west.  This pattern, over time, 

is clearly visible in the petrophysical results in the east (Figures 22, 54, 56-59) compared to 

those in the west (Figures 23, 55, 60-61).  Thus, it appears that shoaling migrated eastward, 

during the deposition of the basal Etchegoin, across the Elk Hills field.   

Eventually, isolation from the open sea would have eliminated the deep water 

nutrients and caused diatom production to cease altogether.  The deltaic environment typical 

of the Etchegoin, as documented by other workers, then prevailed (e.g., Reid, 1995; Bartow, 

1991; Loomis, 1990; and others).  The basal Etchegoin Formation at Elk Hills represents this 

transition from the deep marine, siliceous Upper Miocene to the clastic, shallow marine 

Pliocene.   
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