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ABSTRACT

Image logs from boreholes drilled by the Navy
Geothermal Program Office (GPO) at five geothermal
areas in the western United State (Fallon Naval Air
Station, NV, Hawthorne Army Depot, NV, Coso
Geothermal Field, Naval Air Weapons Station China
Lake, CA, Chocolate Mountains Aerial Gunnery Range,
CA (Marine Corps Air Station, Yuma, AZ) and Naval
Facility El Centro, CA) were analyzed to identify natural
fractures intersecting the borehole, to determine the stress
field acting on fractures proximal to the borehole and to
quantify the amount of stress heterogeneity with depth.
Horizontal principal stress orientations vary on the
multiple kilometer scale largely due to the structural
setting, but seem to vary at the meter and centimeter scale
in the studied boreholes due to slip on fractures proximal
to the hole, intersected lithology and, in highly stressed
environments, slip on large regional faults. The average
maximum horizontal principal stress orientation, revealed
by induced structures in the studied boreholes, range from
an azimuth of 081° to 133° and the standard deviations in
stress orientation has a range of 11° to 46°. Spectral
analysis was used to determine the variation of principal
stress orientation from a calculated vertical axis. This
analysis yields a linear spectral slope for each borehole,
which was then compared to earthquake frequency and
magnitude data and lithologic data from Gamma Ray logs
to determine the control on stress variation. The amount

of standard deviation and the linear spectral slope
determines the stress heterogeneity for each of the studied
boreholes. A high variation of principal stress orientation
suggests a greater number of optimally oriented fractures
to transmit fluid and thus a greater opportunity to intersect
fluid pathways.

INTRODUCTION

Exploration at the Navy GPO begins with basin
geological analyses-geology, geochemistry, geophysics,
shallow temperature probes, 500 foot temperature gradient
holes and then a deeper geophysical test hole is drilled.
Geophysical image logs are collected for the purpose of
determining the density of fractures the borehole
intersects and the apparent aperture of the fractures to
better understand the variation in lithology with depth,
determine potential fluid entries and to gain a better
understanding of the stress state in the vicinity of the
drilled borehole. This study utilizes Ultrasonic Borehole
Imager (UBI), Formation Micro-Scanner (FMS) and
ABI85 Acoustic Borehole Televiewer ( BHTV) from the
Fallon Naval Air Station (NAS), Fallon, NV, Hawthorne
Army Depot (HWAD), Hawthorne, NV, Coso Geothermal
Field, Naval Air Weapons Station (NAWS), CA, Naval
Facility EI Centro (NAFEC), CA and Chocolate Mountain
Aerial Gunnery Range (CMAGR), CA (Marine Corps Air
Station, Yuma, AZ) (Figure 1).



mailto:kelly.blake@navy.mil

,/ “;7
4 hfaval Air ~"
y Statfon Falldn

& Wevada
Hawtﬁorne

California

4 {
Los »«ngeles &i0)= T -

Mou ntams Aena

Facility EI . GunneryRange :

/Atro

Figure 1: Locations of the studied test holes within Department of Defense lands that span multiple tectonic regions.

The image logs analyzed span multiple stress regimes,
tectonic environments and lithologies from the Basin and
Range (Fallon and Hawthorne, NV) through the Eastern
California Shear Zone (Coso, CA) to the Salton Trough
(Chocolate Mountains and Superstition Mountains, CA).
The variation in horizontal principal stress orientation
occurs between the analyzed sites and within sites. By
comparing the stress data to the differences in exploration
site, it should then be feasible to determine the cause of
stress heterogeneity with depth, how this understanding
can aid the further exploration of a possible resource and
try to figure out how the stress heterogeneity may control
the movement of fluids at depth.

Multiple scale variation in stress orientation can be seen in
borehole image log analysis, focal mechanisms (e.g.,
World Stress Map, 2008; Heidbach et al., 2010), in-situ
stress measurements (e.g., Hickman et al., 2002; Davatzes
and Hickman, 2009), fault slip data (Belier and Zoback,
1995), alignments of volcanic structures (Zoback, 1989)
and geodetic measurements of strain (Bennett et al, 2003;
Hammond and Thatcher, 2005; Kremer et al., 2009;
2010), but smaller scale variation (meter to centimeter)

also occurs throughout the brittle crust (Day-Lewis et al.,
2010; Valley and Evans, 2011; Blake and Davatzes, 2011;
2012). In geothermal reservoirs, the stress state, and
therefore the variation in stress state, can aid in the
exploration of geothermal reservoirs (Curewitz and
Karson, 1997; Davatzes and Hickman, 2006; Faulds et al.,
2006), the placement of future boreholes (Barton et al.,
1997; Heffer, 2002), can control the connectivity of
fractures and thus movement of fluid (recharge or
injection) at depth (Heffer 2002).

GEOLOGIC SETTINGS

Fallon, NV is located in the Basin and Range Province
and at the northern edge of the Eastern California Shear
Zone. These regions are both associated with normal
faulting with localized strike slip movement, a thinning of
the brittle crust and shallow high heat flow (Hill, 1971;
Eaton, 1982). Test holes FOH-3D and FLTH 88-24 were
drilled by the Navy GPO on NAS Fallon and both are
drilled into inter-bedding lake sediments at shallow depths
and then andesite flows and ash flow tuffs. FOH-3D is
drilled to a depth of 2743 meters (~9000 feet) and FLTH
88-24 is drilled to 1524 meters (5000 feet); the volcanic




bedrock is intersected at 701 meters (~2300 feet) and 884
meters (~2900 feet) respectively. The Carson Sink is an
area of active WNW-ESE extension of ~1 mm/year
determined through GPS studies (Faulds et al., 2006;
Hammon and Thatcher, 2005) with local variation in the
direction of displacement (Hammond et al., 2007; Blewitt
et al., 2009; Kremer et al., 2010).

Hawthorne, NV is within the Walker Lane in the
southwestern corner of the area surrounding Walker Lake
basin, which is bounded by the Wassuk Range to the
Garfield Hills. The Walker Lake basin is an asymmetric
half-graben that has numerous normal faults with
connecting strike slip faults (Shoffner et al., 2010). The
geophysical test hole HWAD-2A was drilled on HWAD
to a depth of 1433 meters (~2700 feet) and intersected
alluvium above fractured granite at 274 meters (900 feet).
HWAD-3 was drilled northeast of HWAD-2A, and on the
hanging wall of a normal fault, to a depth of 1219 meters
(4000 feet) through alluvium into diorite at 1097 meters
(3600 feet). The extension throughout this basin moves at
varying rates, which when combined with the high strain
rates suggests probable permeability in this area along
well oriented fractures (Katzenstein et al., 2002; Moeck et
al., 2010).

The Coso Geothermal field is located east of the Sierra
Nevada Mountains within the Eastern California Shear
Zone (Adams et al., 2000; Fialko and Simons, 2000;
Wicks et al., 2001; Davatzes and Hickman, 2006;
Davatzes and Hickman, 2010) and is located entirely
within NAWS China Lake. The tectonic environment
varies from normal faulting to strike-slip faulting with
normal faulting in the Eastern California Shear Zone (Lin
and Stein, 2004). Test hole 66-8 was drilled to 3165
meters (10385 feet) and intersects ash-flow sediments,
then fractured granite and granodiorites at depth (Adams
et al., 2000; Manley and Bacon, 2001; Wicks et al., 2001;
Kovac et al., 2005). The high rates of shallow seismicity
in this field suggest a shallow brittle-ductile transition and
WNW-ESE extensional strains are inferred from focal
mechanism inversions (Unruh and Steig, 2004; Monastero
et al, 2005).

The NAFEC geophysical test hole NAFEC-3, is located
on the north eastern side of the Superstition Mountains to
the southwest of the Salton Sea. NAFEC-3 was drilled to
a depth of 1067 meters (3500 feet) and intersected lakebed
sediments, sandstone and conglomerate over a

granodiorite basement. The right lateral Superstition
Mountain fault trace to the west of the studied borehole
demonstrates recent movement in INSAR images from this
area (Bjornstad et al., 2006; Eneva personal
communication). The borehole also lies along the western
edge of a magnetic anomaly trending to the northwest
(Shoffner personal communication) and in an area of
historically active seismicity (Shearer et al., 2005;
Haukksson and Shearer, 2005).

The CMAGR test hole 17-8 is located east of the Salton
Sea, close to the terminus of the San Andres Fault. This
test hole was drilled to 915 meters (3000 feet) through
alluvium and then granodiorites at depth. The Salton
Trough is an area of a great amount of tectonic activity
including extension in the southeast-northwest direction,
with significant associated seismicity and has shallow
high heat flow due to rifts and mafic intrusions (Crowe et
al., 1978; Alm et al., 2010). The excavation of the
Mesquite gold mine southeast of the prospect area
identified gold deposited along right-lateral strike-slip
fractures that had a dilational component (Willis and
Tosdal, 1992).

IMAGE LOG
Methods

Images of the borehole wall from the analyzed holes were
created by measurements of electrical resistivity, acoustic
reflections or sonic data to identify natural fractures,
bedding/foliation and deformation of the borehole wall.
The Formation Micro Scanner (FMS) measures the
resistivity of the borehole wall through pads of electrode
arrays at a constant electrical potential pressed against the
borehole wall (Ekstrom et al., 1987), ALT’s ABI85
Borehole Televiewer collects both the two way travel time
and the amplitude of an acoustic pulse from the tool
reflected by the borehole wall (Zemaneck et al., 1970) and
the Ultrasonic Borehole Imager (UBI) uses a transducer to
create a sound pulse; the tool then measures the amplitude
and travel time of that pulse to create an image of the
borehole wall (Brie et al., 1998).The natural fractures and
deformation of the borehole appear as lower resistivity
areas in FMS and scatter of the acoustic pulse in BHTH
and UBI data; however the differences in the geophysical
properties between the\logging tools and the quality of the
image themselves had to be taken into account while
analyzing these data and the eventual comparison of the
data (Figure 2).



877

Measured Depth (m)

878

HMS 17-8
uUBI

Coso 66-8
ABI85

Figure 2: Examples of the three different types of image logs analyzed. The large differences are apparent with FMI
data not covering the entire borehole, unlike both the UBI and ABI. In all three examples natural fractures
with some degree of dip are seen in the image as sine waves.

The deformation of the borehole wall (borehole induced
structures) identified in the studies holes were tensile
fractures, petal-centerline fractures and breakouts. This
failure of the borehole wall records the local orientation of
the horizontal principal stresses (Zoback et al., 1985;
Shamir and Zoback, 1992; Barton et al., 1997; Barton et
al., 1998; Barton and Zoback, 2002). The concentration
of normal stress acting tangentially to the borehole

enhances compression or tension which results in
breakouts or tensile fractures respectively occurring 180
degrees apart. Due to a concentration of stress below the
drill bit as the borehole is being drilled, petal-centerline
fractures form (Li and Schmidt, 1999; Davatzes and
Hickman, 2010; Garza-Cruz and Davatzes, 2010) (Figure

3).
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Figure 3: On the left, a cross section of a borehole demonstrates the horizontal principal stress orientations and how they
relate to the borehole induced structures; tensile fractures, breakouts and petal-centerline fractures. In the three
ABI85 and FMI image logs on the right of the figure, these deformations of the borehole wall are pointed out in the

image.

This analysis assumes that one principal stress orientation
is vertical, consistent with Andersonian tectonics. If the
borehole deviations is up to 12-15 degrees, then the
azimuth of breakouts are assumed to correspond with the
azimuth of Sy, and the azimuth of tensile fractures
correspond with the azimuth of Sy (Peska and Zoback,
1995) and the average of petal-centerline fracture
orientations corresponds with Sy, (Davatzes and
Hickman, 2010; Garza-Cruz and Davatzes 2010). The
analysis is restricted to the near-vertical segments of these
boreholes.

The program WellCAD was used for the analysis of all
the image logs in this study, which provides interpretation
tools to identify and gather the attributes of natural
fractures, foliation/bedding and borehole induced
structures. The attributes of these features were then
analyzed using Matlab scripts. The data gathered for
natural fractures and bedding are apparent and true dip,
dip azimuth, measured and true vertical depth, the type of
structure and the quality of the structure picked. The data

recorded for borehole induced structures are azimuth,
width of structure, the height, measured and true vertical
depth, the type of drilling induced structure and the
quality. The quality criteria are the same utilized in Blake
and Davatzes, 2012.

Principal horizontal stress direction

All of the image logs collected by the Navy GPO had
borehole induced structures identified; the number of
structures (i.e. the number of data points) greatly varied.
This variance was dependent upon the quality of the
image log itself, the length of the depth span imaged and
the actual number of borehole deformation. Table 1
demonstrates how the calculated minimum horizontal
principal stress orientation with one standard deviation for
each borehole compares to the depth span of the data set,
the number of data points and the change in principal
stress orientation between locations.



Table 1: Description of the data sets used in this study and the calculated minimum horizontal principal stress.

Borehole Site Number of | Length Type of Image | Sy, Orientation
Name data points | Analyzed Log
(meters)

66-8 Coso 151 1077 ABI85 087+46

FOH-3D Fallon 608 806 FMI and ABI85 | 096+12

FLTH 88-24 Fallon 116 707 UBI 095+26
HWAD-2A Hawthorne 236 1097 UBI 133+23
HWAD-3 Hawthorne 12 551 UBI 086+11
NAFEC-3 NAFEC 52 806 UBlI 106+32
CMAGR 17-8 | CMAGR 56 681 UBlI 104+25

STRESS HETEROGENEITY
Spectral Analysis

The variation of the S, orientation around the calculated
mean direction defines a rotation of the horizontal
principal stresses; these rotations can be characterized as
superimposed sine waves with varying amplitudes and
wavelengths. It is assumed that the orientation of the
principal stresses rotate around a vertical axis and that the
structures identified in the image log accurately provide
the horizontal principal stress of the volume pierced by
the borehole. The method used to determine how much
each wavelength of the superimposed sine waves
attributes to the changes in stress direction is called fractal
analysis and the relative measure is referred to as the
power spectral density, derived using a Fourier Transform
(Hamming, 1989). By determining the frequency each
wavelength contributes to the stress rotation, the scaling
properties of stress heterogeneity from a vertical mean for
the volume pierced by each borehole can be determined
and demonstrate the length-scale sources of principal
stress variation from the regional stress orientation.

Shamir and Zoback (1994), Day-Lewis et al.
(2010),Valley and Evans (2010) and Blake and Davatzes
(2011, 2012) have tested the length-scale dependence of
the horizontal principal stresses on data sets using
borehole induced structures as well. These previous
analyses suggest that when the data is displayed as power-
frequency in log-log space the data is linearly distributed
and corresponds to frequency-magnitude distributions of
earthquakes near the area intersected by the borehole
(Shamir and Zoback, 1995; Day-Lewis et al., 2010; Blake
and Davatzes, 2011, 2012). When stress data was

compared in 4 boreholes proximal to the Coso geothermal
field, the scaling relationship suggested that the variation
in stress orientation changed due to proximity to the Coso
Wash Fault, a normal fault that strikes through the field,
as well as earthquakes in the nearby volume of rock
(Blake and Davatzes, 2011).

Spectral analysis assumes that data is evenly spaced and
the stress data collected from image logs is unevenly
spaced, which meant that the data needed to be
interpolated to be analyzed by two methods; Periodogram
and Multitaper. For the third method used, the
Autoregressive Moving Average Spectral Analysis
(ARMASA) (See Blake and Davatzes, 2011), no
interpolated is needed, the method uses an iterative
interpolation and statistical testing to determine the power
spectral density. These methods were tested on synthetic
data sets in previous analysis to make sure that they can
be applied to this type of stress data (Day Lewis et al.,
2010; Blake and Davatzes, 2011).

The methods used in Blake and Davatzes, 2011 were
applied in this analysis of stress heterogeneity, which
included an analysis of similarly distributed colored noise
for each data set to obtain an error estimate. The self-
affine relationship of power spectral density and
frequency is:

PSD = f#
where PSD is the power spectral density (deg?-m), f is the
frequency (m™) and B is the spectral slope (deg®-m)(m).
In Table 2, the calculated spectral slope for each of the
studied boreholes is given, along with the frequency span
that the slope was calculated for.



Table 2: The calculated minimum horizontal principal stress, spectral slope and
the frequency span that the spectral slope was calculated for each

borehole.
Borehole Name | Spmin Spectral Slope | Frequency Span
Orientation | (deg’m)(m) (m™)
66-8 087+46 -2.61+0.35 10°% to 107°%
FOH-3D 096+12 -3.03+0.20 10%*to0 101
FLTH 88-24 095+26 -2.53+0.02 10%# 10 1007
HWAD-2A 133+23 -3.75+0.14 101 10 1004
HWAD-3 086+11 -2.94+0.38 10%%t0 10
NAFEC-3 106+32 -3.05+0.48 10%%"t0 100"
CMAGR 17-8 104+25 -3.67+0.52 101" t0 1004

DISCUSSION

Each of the Navy GPO exploration and development sites
span different tectonic environments, the boreholes
intersect many different lithologies, have different
horizontal principal stress orientations and have different
amounts of stress heterogeneity. The stress heterogeneity
for each borehole is interpreted through the amount of
standard deviation in the calculated vertical mean stress
orientation and the spectral slope. The linear spectral
slope demonstrates a fractal behavior (Turcotte, 1997)
and, when assuming that the relationship is a self-affine
fractal, a fractal dimension can be calculated using the
spectral slope:

5-8

2

where D,y is the fractal dimension of stress rotations
(Turcotte, 1997). The values for each of the calculated
spectral slopes are given in Table 3.

Doy =

In this analysis, the sources of stress rotations tested were
recent fracture slip and the intersected lithology (Scholz,
2002; Jaeger et al., 2007). Earthquakes proximal to each
borehole were used to determine if the rotations of the
principal stresses with depth were due to slip on faults
(Day-Lewis et al., 2010). Earthquake frequency (10g1o)
and magnitude also have a fractal distribution; a slope of
this distribution can be calculated as (Shamir and Zoback,
1992; Day-Lewis et al., 2010; Blake and Davatzes, 2011,
2012):

bd

q

where b is the slope of the relationship between frequency
(logye) and magnitude, d represents the shape of the
fracture slipping, g is the moment magnitudes relationship
to the magnitude of the earthquake and D, is the fractal
dimension of earthquakes (Gutenberg and Richter, 1944;

Dgg = —

Kanamori and Anderson, 1975). The calculated
earthquake fractal dimension proximal to each borehole is
given in Table 3.

To test whether the variation in principal stress orientation
with depth in each borehole was due to the changes in
lithology, the same methodology used to derive the stress
heterogeneity fractal dimension was used to determine a
gamma ray fractal dimension. By analyzing the variation
in gamma ray values over the same depth span of the
imaged borehole using spectral analysis, the dependence
of stress heterogeneity based on changes in lithology was
tested. The results of this calculation are given in Table 3.

Table 3: Calculated minimum horizontal principal stress
orientation with fractal dimensions of stress
rotation, earthquake magnitude-frequency and

gamma ray.
Borehole Shmin Dot Deq Dgr
Name Orientation
66-8 087+46 1.02- | 1.36- | 1.51-
1.37 2.04 1.81
FOH-3D 096+12 0.89- |1.39- | 1.56-
1.09 2.08 1.67
FLTH 88- | 095+26 1.23- | 1.37- | 0.98-
24 1.24 2.08 1.18
HWAD- 133+23 0.55- |0.71- | 1.39-
2A 0.70 1.06 1.59
HWAD-3 | 086+11 0.84- | 1.32- | 1.93-
1.22 1.49 2.00
NAFEC-3 | 106+32 0.74- | 271- |1.71-
1.22 4.06 1.84
CMAGR 104+25 0.41- 2.72- 1.10-
17-8 0.93 4,08 1.66

The only overlap in the data from this analysis is from the
Coso 66-8 stress and earthquake data. This coincides with




previous studies comparing these two data sets at the Coso
geothermal field from Blake and Davatzes, 2011. This
would suggest that the variation in stress orientation in
Coso 66-8 is due to slip on fractures near the volume
pierced by the borehole. The other borehole earthquake
data does not overlap with the stress data, suggesting that
the variation in stress orientation with depth is not due to
slip on proximal earthquakes. However, a large difference
between the earthquake datasets was the microseismic
earthquake catalog from the Navy GPO for the Coso field
and the less site specific data from the Southern California
Earthquake Catalog and from the USGS, which would
suggest that if there were similar data sets, these data
could overlap.

The lack of overlap between the stress heterogeneity
fractal dimension and the gamma ray fractal dimension
suggests that the lithology in each of the boreholes does
not control the changes in principal stress orientation. This
result is not surprising in the boreholes which intersect
mostly crystalline rock (Coso 66-8, HWAD-2A, NAFEC-
3 and CMAGR 17-8) but is a surprising result for the two
holes at NAS Fallon and HWAD-3, which intersect
mostly alluvium, lake bed sediments and/or volcanic
sediments. There are other sources of stress heterogeneity
that have not been tested for in these data sets including
proximity to large faults, topography and other elastic
properties of the rocks (Zoback, 2007; Zang and
Stephansson, 2010).

For all of the studied boreholes, the occurrence of stress
heterogeneity does suggest active areas of crustal
movement for the exploration sites. The boreholes with
greater amounts of stress heterogeneity with depth would
suggest that there are a greater number of fractures
optimally oriented for fluid movement through a potential
geothermal system. The borehole with the least potential
based on down hole temperatures and lack of open
fractures, HWAD-3, also happens to have to smallest
standard deviation in stress orientation. A similar result
was seen in the image log data from the Coso geothermal
field; the studied boreholes inside the field had a greater
amount of stress heterogeneity (standard deviation) then
on the margins of the field (Blake and Davatzes, 2011).
Even though FOH-3D and FLTH 88-24 have nearly the
same Symin Orientation, they do have very different stress
heterogeneity (standard deviation). The Navy GPO
already has a great amount of data on FOH-3D, but within
the next few months will be performing a flow test on
FLTH 88-24; the results of this test could demonstrate the

applicability of stress heterogeneity as a useful geothermal
exploration tool.

CONCLUSION

The boreholes drilled for exploration by the Navy GPO
demonstrate a great amount of stress heterogeneity but the
reason for this variation in stress with depth is still not
obvious for most sites. The borehole induced structures
identified in image logs from exploration boreholes and a
borehole from the Coso geothermal field were used to
determine the orientation of the minimum horizontal
principal stress, the standard deviation in stress orientation
and the stress rotation fractal dimension calculated using
fractal statistics to better understand stress heterogeneity.
In the developed geothermal system, Coso, the stress
heterogeneity seems to coincide with slip of faults based
on the overlap of fractal dimensions of stress rotations and
earthquake magnitude-frequency data. The results from
analysis of Coso 66-8 demonstrate this overlap, as well as
previous analysis of four more boreholes in the Coso
geothermal field (Blake and Davatzes, 2011). However,
the lack of overlap of the remaining exploration sites with
earthquake data may be due a robust microseismic data set
for the Coso field with no similar dataset for the other
sites. A comparison of stress heterogeneity to gamma ray
data, as a measure of the variation in lithology with depth
in each of the boreholes, did not demonstrate any fractal
dimension overlap suggesting that lithology is not
controlling the variation in stress for these exploration
boreholes. Other sources of horizontal principal stress
heterogeneity have yet to be tested including topography,
elastic properties of the intersected rocks and proximity to
large stress controlling faults. The amount of stress
heterogeneity with depth in the studied boreholes does
suggest that the greater the stress heterogeneity, the more
fractures available for opening, permeability and fluid
flow, the more prospective a geothermal test hole may be.
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