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ABSTRACT 

Elk Hills, initially designated as Naval Petroleum 
Reserve No. 1, is a large anticlinal field discovered 
in 1911 in the southern San Joaquin Valley of 
California.  Elk Hills is a complex Structure with 
multiple pays.  Focus will be on the Antelope 
Shale (Antelope) member of the Monterey 
Formation which has variability in production due 
to variations in net pay and degree of natural 
fracturing.  The Monterey Formation consists of 
diatomite, porcelanite, chert and siliceous shale 
derived from diatoms, organic shale, dolostones 
and sandstone.  Hydrocarbon production in Elk 
Hills Antelope is from the porcelanite, chert and 
Sandstone lithofacies. 

The goal of this project was to understand the 
natural fracture complexity of the Antelope 
interval and influence on production variability 
and provide insight for field development. 

This paper focuses on the scope of work and 
workflows used to provide information obtained in 
a study involving 188 image logs over the Elk 
Hills structure. The study was designed to identify 
variability in fracture type, orientation, aperture 
and relationship to bedding over the field. 

We will outline the systematic approach from 
Scope of Work, project Quality Control and final 
results including the benefit of a field wide 
approach compared to prior small area studies. 
The approach involved selection of high quality 
data sets that provided geographic coverage 
vertically, laterally and by tool type. Data sets 
came from different vendors showed that each tool 
type gave consistent response that could be used 
for comparable evaluation of fracture type, 
orientation and aperture. 

The use of a spatially well populated and 

distributed data set allowed for the mapping of 
orientation, fracture type, aperture and frequency 
by zone, which provided insights into the nature 
and extent of the fracture distribution by zone 
within the Antelope Interval. 

A positive comparison to production was achieved 
by integrating weighted fracture intensity and 
reservoir quality from the petrophysical model. 

INTRODUCTION 

California Resource Corporation (CRC), 
commissioned a field wide fracture study of the 
Antelope Shale, an anticlinal structure in the Elk 
Hills Oilfield in the San Joaquin Valley, 
California, USA as shown in Figure 1 The study 
was conducted in phases to quickly capture 
fracture types and variability which drove 
subsequent phases and modified processes as 
needed.  To mimic field appraisal, Phase 1 and 
Phase 1A with limited wells, provided an 
orthogonal cross section and axial cross section of 
the field respectively 

 
Fig.1 Location map of the Elk Hills Oilfield. (Modified 
from Reid and McIntyre, 2001) 

A stylized section through the Elk Hills Field is 
shown in Figure 2. 

The stratigraphy through the field is illustrated in 
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Figure 3. The Antelope shale is divided into six (6) 
major units respectively labelled N, A, B, C, D and 
PG Chert. 

The principal focus of the study was a detailed 
fracture characterization describing various 
properties of the fractures from image logs to 
improve understanding of fracture contribution to 
production and thereby optimize completions and 
well performance prediction. The intense study 
involved detailed analysis of 188 image logs. 

 
Fig.2 Cross section through Elk Hills Oilfield location. 

By using a large number of geostatistically 
distributed data sets the study allowed variations 
across the field to be examined and integrated into 
the investigation of the geologic modelling and 
production history.  

 
Fig.3 Stratigraphy of Elk Hills Field 

Fractures were classified using a standard 
classification scheme.  Fracture frequency and 
count were computed for each fracture set. 
Fracture aperture was computed to provide a 
fracture aperture index. 

Generally, the fractures have four (4) dominant 
overall populations, which are broadly orientated 
with either a northwest-southeast or northeast-
southwest strike. The orientations are generally 
aligned with the overall strike of the structure, and 
consistent with the expected maximum horizontal 
stress direction. 

Fracture orientation showed vertical and lateral 
variation in fracture strike across the field. The 
overall fracture frequency was found to increase 
with depth and fracture aperture decreased with 
depth. 

There are fracture zones in the field which 
contained numerous bed bounded and small scale 
discontinuous fractures. These intervals were 
captured as microfracture zones. 

To examine a large amount of information both 
maps and cross sections of the fracture properties 
generated were used. 

The scope of work was to characterize the 
following  parameters:  
• Dip and Azimuth (True computation); 
• Fracture Type; 
• Fracture Aperture Scale (1-3); 
• Fracture Frequency; 
• Fracture Count; 
• Quantitative fracture width; 
• Micro fracture zone thickness; 
• Circumferential fracture length (detected 

fracture compared with length of sine wave if 
fracture fully intersected the borehole); 

• Percentage of Fracture length 
(Circumferential fracture length compared 
with length of sine wave if fracture fully 
intersected the borehole). 

 
The workflow outlined in Figure 4 provided the 
framework to guide the project. 

DATA AVAILABLE 

The reprocessed and interpreted image data 
represented the full spectrum of resistivity 
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borehole image tools in water based mud, high 
potassium chloride and oil based muds. The tools 
used across the field are listed in Table 1. 

  
Fig.4 Workflow guiding the project 

Overall the data quality across the entire project 
was very good. The wells were screened to only 
include the best quality data for analysis. After 
processing and speed correcting the raw data, the 
images were of very high standard as seen is 
Figures 5, 6, 9, 10 and 11. 

Table 1 Tool types and number of runs 

Company Tool 
Type 

Mud Type Total 
Halliburton EMI Water Based 

Mud 
60 

Halliburton XRMI Water Based 
Mud 

97 
Halliburton OMRI Oil Based 

Mud 
8 

Schlumberger FMI Water Based 
Mud 

8 
Weatherford CMI Water Based 

Mud 
6 

Weatherford COI Oil Based 
Mud 
(prototype) 

1 
Weatherford OMI Oil Based 

Mud  
8 

 

 
Fig.5 Good quality data from Well A clearly showing resistive fractures, (clear image and sharp features). Tracks 
from left to right are as follows: Track 1: Inclination and GR; Track 2; Calipers; Track 3: Resistivity; Track 4: 
Neutron-Density-PEF; Track 5-6 Borehole image Static-Dynamic; Track 7 Dips represented as Tadpoles 0-90 
hybrid scale; Track 8 Tool Tilt corrected image; Track 9 Computed aperture; Track 10 Fracture frequency 10ft 
window; Track 11 Fracture count 10ft window; Track 12 Ovality and Maximum stress with dip polar plots; Track 
13 Borehole ovality or breakout. 
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Fig.6 Tool tilt corrected image  - Bedding plane 
slippage observed in Well B. Tracks from left to right 
are as follows: Track 1: Inclination and GR; Track 2; 
Calipers; Track 3: Resistivity; Track 4: Neutron-
Density-PEF; Track 5-6 Borehole image Static-
Dynamic; Track 7 Dips represented as Tadpoles 0-90 
hybrid scale; Track 8 Tool Tilt corrected image; Track 
9 Computed Aperture; Track 10 Fracture frequency 10ft 
window; Track 11 Fracture count 10ft window; Track 
12 Ovality and Maximum stress with dip polar plots; 
Track 13 Borehole ovality or breakout.  

The difference in data quality between oil based 
and water based tools was also noted. Fracture 
aperture calculations for the various tools was a 
useful metric in comparing tool types. The number 
of fracture aperture calculations for oil-based tools 
is lower than that of water-based tools due to the 
highly resistive nature of oil based muds. This 
contributed to the smaller contrast in conductivity 
compared to water based tools. 

To aid in the evaluation of the fracture bedding 
relationship, a “tool tilt“ corrected image was 
computed. This involves taking the structural dip 
and subtracting this information to produce an 
image that shows bedding as horizontal. Figure 6 
shows an example of how it allows the fracture 
bedding relationship to be better understood. 

FRACTURE CHARACTERIZATION 

Fracture Types. All interpreted features were 
identified by interactively approximating a feature 
on the image by a sine curve using a consistent 
definition i.e., number of pads on which feature is 
observed and clarity of image to provide more 
quantitative results. A standard classification 
scheme used is illustrated in Figure 7.  

 
Fig.7 Consistent Fracture Identification Classification.  

Where fractures were too numerous to separate, 
and were cross cutting with a shattered glass 
appearance the Micro-fracture zone (“Breccia”) 
classification was used. The height (along 
borehole) and the location of such zones were 
mapped.  A minimum thickness of ¼ foot was 
captured. An example from outcrop and core is 
shown in Figure 8 and image in Figure 9. 

  
Fig.8 Example Microfracture (Breccia zone), Mussel 
Rock, California Coast. Outcrop is on left, PG Chert 
core is on right 

Small displacements observed in bedding were 
also separated out into a classification called 
Micro-Fault as shown in Figure 10 image. 

Consistency of fracture picks was maintained 
across the project by strictly following this 
classification scheme and cross reviewing 
internally and by CRC personnel. Good examples 
of the different fracture classifications are 
illustrated in Figures 5 and 11. The classification 
scheme was mutually agreed and was reduced to 
an objective character driven scheme 
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Fig.9 Example of a Micro-fault from Well C  

 
Fig.10 Micro fracture zones from Well D.  

Large scale maps showing the azimuth as rose 
plots spatially arranged at each stratigraphic level 
were produced to visually summarize the 
information and quickly allowed the vertical and 
lateral variability to be assessed. In the northwest 
fractures are orientated strike parallel to structure 
and in the southeast strike orthogonal to structure. 
Fracture orientation at a location was similar 
throughout the interval, although there is some 
rotation with depth and variability occurred in 
areas of structural changes. 

Fracture Frequency Each fracture class had a 
fracture frequency calculated. This is a running 
average along hole and the value is number of 
fractures per ten (10) foot interval. The fracture 
frequency generally increases in the lower 
Antelope D and PG Chert intervals. The average 
fracture frequency for each unit is seen in Figure 
12 which shows a general increase in fracture 
frequency with depth. 

 
Fig.11 Partial fractures in Well E. Tracks from left to 
right are as follows: Track 1-2 Borehole image Static-
Dynamic; Track 3 Dips represented as Tadpoles 0-90 
hybrid scale; Track 4 Tool Tilt corrected image; Track 
5 Dip aperture; Track 6 Fracture frequency 10ft 
window; Track 7 Fracture count 10ft window; Track 8 
Ovality and Maximum stress with dip polar plots; Track 
9 Borehole ovality or breakout.  

Fracture Aperture. The fracture aperture is 
calculated using the digitized trace from the 
fracture pick and the inflection points are 
identified from conductivity contrast that defines 
the fracture and surrounding rock. The aperture is 
calculated as being approximated by the width of 
the anomaly. This anomaly is measured at right 
angles or orthogonally to the feature across the 
image. It is therefore measured at multiple points 
capturing a map of the aperture along with a 
minimum, maximum and average for comparison. 
No calibration with core fracture aperture 
measurements was undertaken and the aperture is 
an index. 
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Fig.12 Fracture Frequency increases in the D Shale and 
again in the PG Chert 

The calculated fracture aperture index shows a 
trend that generally decreases in width with depth. 
Similarly, the cumulative fracture length also 
diminishes on average with depth as shown in 
Figure 13. 

 

 
Fig.13 Average Fracture Aperture and Cumulative 
Fracture Length showing a decrease with depth. 

The methodology relies on there being a consistent 
difference between fracture conductive value and 
the surrounding rock, thus creating an anomaly or 
feature. Figure 14 shows the image from a well 
and the fracture width computations.  

 
Fig.14 Fracture Aperture around the well bore shown in 
Track 5. Tracks from left to right are as follows: Track 
1: Inclination and GR; Track 2 Borehole image 
Dynamic; Track 3 Dips represented as Tadpoles 0-90 
hybrid scale; Track 4 Detected fracture trace from 
inflexion; Track 5 Computed aperture and 
circumferential length percentage; Track 6 Fracture 
aperture (scale 1-3); Track 6 Fracture frequency 10ft 
window; Track 7 Fracture count 10ft window; Track 8 
Ovality and Maximum stress with polar plots; Track 9 
Borehole ovality or breakout. 

 
Fig.15 Fracture Aperture cutoffs illustrated for resistive 
and conductive cutoffs.  
The circumferential length uses a similar 
methodology to locate the fracture and when the 
conductive difference is above the threshold, the 
fracture is said to exist and the detection length is 
added to the circumferential length.  

The cut off values as tabulated were percentage 
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values of the distributions and are illustrated in 
Figure 15. Because the thresholds were translated 
from conductivity values to actual percentages, the 
same relative percentage cut off was consistently 
applied to every image set. This allowed apertures 
to be compared from different image data sets. 

FRACTURE OBSERVATIONS 

To review the fracture orientation and the 
attributes of frequency and aperture, cross sections 
and maps for each Shale unit were produced. 
These allowed changes across the field to be 
readily observed.  

The maps showed orientation, fracture frequency 
and aperture changes across the field. The most 
striking were changes that corresponded to the 
location of the sands within the section. For 
example, the orientation and frequency of fractures 
in northern part of the field shows significant 

variability as illustrated in Figures 16 and 17. The 
24Z Channel Sand is mapped in this area and some 
relationship may exist with its deposition and the 
variability of the fractures. 

Fracture Orientation. Maps were created for each 
Shale unit to view the data from a good spatial 
perspective. On an individual well basis, the 
stereonets were produced for each fracture type 
and each formation.  

The strike orientation of fractures changes across 
the structure and is independent of fracture type 
and the unit. An example of the fracture strike for 
well location is shown in Figure 16. Wells in the 
northwest of the field have strike parallel to the 
axis of the structure. Wells in the southeast part of 
the field appear to be orthogonal to the axis of the 
structure. 

 

 
Fig.16 The change in orientation of fractures from parallel strike in the northwest to orthogonal strike in the 
southeast can be seen to roughly coincide with the 24Z Channel Sand. 
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The orientation of the fractures is parallel to the 
strike of the structure in the northwest which is 
consistent with the maximum stress orientation. 
The southeast blocks are consistent in orthogonal 
strike orientation, though there are several wells 
where fracture strike is parallel. It is observed 
from the mapping of the reservoir that the 
northwest is more tightly folded which suggests 
more compressive stress regime in the northwest 
when contrasted with the southeast. 

Fracture Frequency. The fracture frequency 
variability is a function of lithofacies, lithofacies 
thickness and structural position. The fracture 
frequency is most intense in the northwest parts of 
the field. This is a trend that can be seen 
throughout all units.  

The N Shale has an area of low fracture frequency 
in the northwest of the field. This area of low 
fractures approximates the mapped position of the 
24Z Channel Sand southeast boundary as seen in 
Figure 17. 

 
Fig.17 The 24Z Channel Sand corresponds well with 
lower fracture frequency in the northwest of the field. 
Red is more intense. 

Figure 18 shows a significant increase in fracture 
frequency moving down through the interval. 
Although maps were generated for each unit, the A 
and D Shales are presented for comparison. A 
trend of increasing fracture frequency to the 
northwest, particularly in the D Shale is observed. 

The north flank of the field contains a larger 
number of microfractured (“breccia”) zones which 
also have increased chert, and the main part of the 

field is more heavily fractured in the north than it 
is in the south as shown in Figures 17 and 18. This 
trend is observed throughout the units. N, A, B and 
C Shales have a similar fracture frequency. 
Fracture frequency increases significantly in the D 
shale continues into the PG Chert. 

 
Fig.18 Comparison of the Antelope fracture frequency 
A and D Shales. Red is more intense, 

Fracture Aperture. The consistent approach used in 
establishing aperture means that the fractures from 
well to well can be compared. To provide 
perspective and spatial definition the fracture 
aperture, maps of these properties were produced 
for each stratigraphic unit.  

Whilst generally the trend between increasing 
fracture aperture and cumulative length is visible 
(Figure 15), identifying clusters based on fracture 
orientation would bring additional control for 
better defined fracture length to aperture 
relationships. 



 

9 

As the cumulative fracture length is determined 
mathematically from a summation of fracture 
inflexion from the pads around the well bore, a 
discrepancy between partial fractures which are 
visually picked and the actual detected length was 
observed. 

Fracture aperture is greatest in the southeast 
portion of the field. The edges of the approximate 
location of the 24Z Channel Sand and other sands 
are associated with areas of narrow fracture 
aperture. There are no obvious trends seen across 
the field though the fracture aperture in the south 
of the field is generally wider than in the north. 
There are also localized areas with significantly 
wider fracture apertures, as illustrated in Figure 
19. 

 
Fig.19 Narrower fracture apertures are seen in the 
interval underneath the Southwestern edge of the 24Z 
Channel Sand. Red is wider. 

The fracture apertures decrease with depth as 
illustrated in Figure 15. The fracture aperture maps 
for the A and D shales are illustrated in Figure 20. 

Fracture aperture are generally greater in the 
southwest half of the field, and the fracture 
aperture and cumulative fracture length decreases 
with depth, as illustrated in Figure 15.  The 24Z 
Channel Sand in N Shale is associated with a local 
low in fracture apertures as seen in Figure 19. 

PRODUCTION COMPARISON 

Given the age of the field and pressure variations, 
it was encouraging that a positive correlation to 
production was achieved by incorporating the 

petrophysical model, microfracture (“breccia”) 
zones and fracture information weighted by 
aperture index to mimic fracture conductivity. 
Figure 21 shows a subset of the wells with similar 
pressure regime. The red circles highlight two 
outliers to review for log quality or issues during 
drilling or completion. More advanced analytics 
are underway to improve the predictive model. 

 
Fig.20 Fracture aperture decreases from the A Shale to 
the D Shale. When compared with Figure 17 there is a 
notable decrease in fracture width with depth and 
fracture aperture are generally greater in the southern 
half of the Field. Blue is narrower. 

CONCLUSIONS 

The consistent classification system, Quality 
Control procedures and field coverage provided 
quantifiable information as to natural fracture 
variability vertically and laterally through the 
field.  By breaking the project into phases that 
covered broad geographic areas, like an 
exploration or appraisal project, we quickly gained 
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insight into the fracture variability and guided 
location of subsequent phases to fill gaps or clarify 
initial observations. 

Fractures generally fall into four (4) main classes 
which are broadly oriented with a strike that is 
northwest-southeast or northeast-southwest and 
agrees with the expected maximum stress 
orientation. An abundant number of the partial 
fractures were identified as bedding perpendicular 
fractures. 

 
Fig.21 Production comparison with Fracture Zones. 

Spatially the fracture orientations are variable. In 
the northwest fractures are orientated strike 
parallel to structure and in the southeast strike 
orthogonal to structure. The orientation is similar 
throughout the units although there is some 
rotation with depth and some wells show increased 
variability due to the changing structures and 
proximity to sand channels. The presentation of 

this information as cumulative and unit maps by 
fracture feature contributed to understanding the 
changes across the field. 
Fracture frequency and aperture show changes 
across the field related to lithofacies type, 
thickness, depth and structural position and 
features. By creating maps of these properties for 
each unit, laterally and vertically trends and 
anomalies became apparent and improved 
understanding of the impact of fractures on 
production. 

The correlation with production allowed for a 
relationship between production and fractures to 
be characterized not only at the wells but also 
spatially away from the wells as the maps allowed 
improved confidence in generalizing how 
production might change within the field both 
laterally and vertically. 
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