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ABSTRACT

This paper reviews geophysical and seismological imaging in the Coso geothermal
field, located in southeast-central California. The Coso geothermal production area
covers �6 � 10 km2. Although regional seismicity is addressed, as it sheds light on
the magma, or heat, sources in the field, the primary focus of this paper is on the
main production area. Three-dimensional inversions for P- and S-wave velocity var-
iations, distribution of attenuation, and anisotropy are presented side-by-side so that
anomalies can be compared spatially in a direct manner. Velocity inversions for P and
S waves are combined for direct determination of Poisson’s ratio and indirect esti-
mation of variations of porosity in the field. Anomalies southeast of Sugarloaf Moun-
tain are prominent on nearly all analyses. The anomalies coincide with high levels of
seismicity and with stress anomalies as determined from earthquake focal mechanism
analysis and seismic anisotropy distribution. The anomalies also correlate with high
heat flow in the field and the termination of geothermal production to the south. I
speculate that an intrusion is present in this region that causes significant perturbation
of stress in the field.

Lees, J.M., 2002, Three-dimensional anatomy of a geothermal field, Coso, southeast-central California, in Glazner, A.F., Walker, J.D., and Bartley, J.M., eds.,
Geologic Evolution of the Mojave Desert and Southwestern Basin and Range: Boulder, Colorado, Geological Society of America Memoir 195, p. 259–276.

THE GEOPHYSICAL IMPORTANCE OF COSO

The importance of Coso, from a geophysical perspective,
stems from the fact that it is an evolving geothermal field in its
initial stages of economic development rather than in maturity.
Furthermore, it is situated on the western edge of the Basin and
Range province and along what has been suggested is the newly
forming tectonic boundary between the Pacific and North
American plates (Nur et al., 1993). As such, the active Coso
geothermal field provides a living laboratory for investigating
the interaction of fluids, magmatic material, and heat in the
Earth.

The installation of a borehole seismic network in the region
of the Coso geothermal field in the early 1990s provided a
means to collect high-quality microearthquake data while moni-
toring activity in the field (Fig. 1). Because there is active pro-
duction of geothermal energy at Coso, there are also high levels
of low-magnitude seismic activity recorded daily by the seismic

array. The seismic stations at Coso consist of 4 Hz, three-
component geophones cemented in boreholes ranging from 30
to 70 m depth, recording at 480 samples/s. By recording away
from the surface, signal-to-noise ratios are very high, and events
as small as magnitude �1 to �2 are routinely recorded. This
provides a high-quality data set that can be used to study struc-
ture in the field as well as the dynamics of the evolving field.
In this paper, I address structural aspects of the geothermal set-
ting by reviewing and compiling results reported in a series of
papers directed at imaging seismological properties in the field
(Bhattacharyya et al., 1999; Feng and Lees, 1998; Hough et al.,
1999; Lees, 1998; Lees and Wu, 1999, 2000; Wu and Lees,
1996, 1999b).

Arrival times of seismic waves from earthquakes are the
simplest and most precise measurements that can be made on
seismic records. Location of earthquakes depends on the ability
to determine traveltimes of events, which in turn requires
knowledge of the seismic velocity structure in the intervening
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Figure 1. Map view of the geothermal
field region at Coso, California. Inset
shows location of Coso in California.
Circular red features are Quaternary rhy-
olitic domes. Purple regions are thick,
Tertiary andesitic flows, and the green-
filled zone is a Quaternary basalt flow.
Lines show roads in the geothermal
field, outlined by a bold line. Triangle
symbols are seismic stations renamed
from Table 1 of Wu and Lees (1999b).
Important geographic locations are an-
notated: DK—Devil’s Kitchen; NP—
Nicol Prospects; CHS—Coso Hot
Spring; SM—Sugarloaf Mountain.

media. Generally, earthquakes are located with one-dimen-
sional layered models. It is well known, however, that the Coso
geothermal field is three-dimensional. To improve understand-
ing of structural details in the field, a model is sought that ex-
plains the data better than the one-dimensional view and that
provides information on the three-dimensional variation of seis-
mic properties in the Earth.

Detailed discussions of the methodology used in the studies
presented in this paper can be found in a series of papers that
outline the tomographic techniques (Lees, 1992; Lees and Cros-
son, 1989; Lees and Shalev, 1992). Earthquakes are located
initially with a one-dimensional layered model, derived by us-
ing the method of joint inversion for location and model param-
eters along with geologic constraints and external data, such as
reflection data recorded in the region (E. Shalev, personal com-
munication). In addition to the one-dimensional models, a sta-
tion correction (constant time shift for each station) is incor-
porated in the analysis to account for near-station structure or
varying station elevations (Wu and Lees, 1999b). To some ex-
tent, use of a station corrections helps compensate for inaccu-
racy of the one-dimensional approximation of the real Earth.
Earthquake locations determined with the one-dimensional
models show considerable heterogeneity, with significant clus-
tering in those parts of the field where seismicity levels are
elevated (Walter and Weaver, 1980; Feng and Lees, 1998).

Once the one-dimensional models and initial locations are
established, three-dimensional analyses can be accomplished.

It is now common practice to refer to three-dimensional seismic
inversion analysis for the determination of varying physical
properties as “tomography.” This approach is borrowed from
the medical sciences, and the methods of CAT (computerized
axial tomography) scanning have been adapted to seismic anal-
ysis. In actuality, there are significant differences between seis-
mic tomography and medical imaging. In seismology, the re-
lationship between the traveltime and the velocity of the
medium can be written simply as

DT � [1/V(s)] ds, (1)�
r

where DT is the traveltime, V is the velocity as a function of
the position s along the raypath, and the path integral is taken
along the raypath, indicated by “r.” The “inversion” is an at-
tempt to extract the velocity given the traveltime data. In equa-
tion 1, I have explicitly included the dependence of the velocity
on the raypath to emphasize that seismic traveltime tomography
is inherently nonlinear because the paths of the rays from the
earthquake source to the receivers depend on the model param-
eters that are being sought. Traditional medical CAT scanning,
furthermore, is accomplished by inverting slices of the target
region and building three-dimensional models by stacking se-
ries of two-dimensional models (the word tomography means
“slice picture”). In seismology, three-dimensional structures are
typically determined via full three-dimensional inversion, and
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Figure 2. Density contours of 1980–1994 southern California earth-
quakes with magnitudes greater than zero. Catalogues were extracted
from the California Institute of Technology database. The Coso–
Ridgecrest area is one of the most actively seismic regions in southern
California.

later they are sliced for visualization purposes. At Coso, on-
going seismic studies include tomographic analysis of attenu-
ation, velocity, and anisotropy. In each of these studies, different
aspects of the data are considered and must be treated according
to different assumptions. These are outlined here before dis-
cussion of specific results for each inversion. The tomography
results summarized in this paper were derived from data re-
corded by the Navy Geothermal Program and Duke University
(Peter Malin) from mid-1993 to early 1995. The network in-
cludes 16 borehole stations located in the vicinity of the geo-
thermal field (Fig. 1). Depths to the sensors in the borehole
stations are typically less than 70 m.

Ultimately, one goal for seismologists is to delineate all
relevant three-dimensional seismic properties of this geother-
mal region. Although global seismologists have been moder-
ately successful at simulating synthetic seismograms at low fre-
quency, the equivalent effort for high frequency at small scales
is still practically impossible. This fact is, in part, due to lack
of knowledge of three-dimensional variations of properties at
the necessary small scales. Tools are currently being developed
for examining wave propagation in complex media at high fre-
quency (Wu and Lees, 1992a, 1992b, 1997). High-quality data
sets like those available for the Coso geothermal field will prove
to be invaluable for future theoretical investigations of seismic
waveform propagation.

LOCAL AND REGIONAL SEISMICITY

The Coso area is one of the most active seismic regions of
southern California, clearly shown in a density plot of earth-
quakes in the area (Fig. 2; Walter and Weaver, 1980). According
to 1980–1994 earthquake catalogues from the California Insti-
tute of Technology (Caltech), recorded earthquake counts in the
Coso area are comparable to the most active regions of southern

California, including along the San Andreas fault. Seismicity
in the Coso geothermal field area has been described in detail
by Walter and Weaver (1980), Roquemore and Simila (1994),
Alvarez (1992), and Feng and Lees (1998) and from a more
regional perspective by Bhattacharyya and Lees (this volume).
Several larger events in the region highlight the importance of
monitoring seismicity at Coso: the Mb � 4.0 event in Rose
Valley (Alvarez, 1992), the Ridgecrest events (Hauksson et al.,
1995), and more recently the two Coso events (1996 local mag-
nitude ML � 5.3 and 1998 ML � 2) located immediately out-
side the geothermal field proper (Bhattacharyya et al., 1999).
These events are most likely a response to local tectonic stresses
associated with Basin and Range extension and North Ameri-
can–Pacific plate margins. For the Coso geothermal field, the
most notable observation is the relatively shallow (less than 5–
6 km) seismicity below the field itself. Deep earthquakes (down
to 12 km depth) surround the Coso geothermal field, primarily
in the form of clusters associated with larger (ML � 4) events.

By using �40000 events from the Caltech–U.S. Geolog-
ical Survey (USGS) seismic network in southern California
(1988–1998), I have mapped the depth extent of seismicity in
the vicinity of Coso. (Hypocenters located from the borehole
array at Coso were not used here because they are nearly all
shallow. By using only events from one data source, catalogue
uniformity is preserved.) Contours of seismicity cutoffs (i.e.,
the maximum depth of seismicity) span a region 10–12 km east-
west and 8 km north-south, bounded to the west by the geo-
thermal field and extending eastward several kilometers (see
contours in Fig. 3). The fact that the seismicity contours in the
vicinity of the field become shallower is presumably associated
with reduction in brittle behavior of the rocks due to the em-
placement of magma and/or elevated heat flow (Walter and
Weaver, 1980).

A region of particularly intense activity is seen in the south-
western part of the field, close to the south side of Sugarloaf
Mountain. As is shown subsequently, this zone coincides with
the location of anomalous attenuation, velocity, and anisotropy
in the field. Although the regional shallowing of seismicity may
represent a large anomaly that has heated over time, the con-
centrated seismicity in the southwest part of the field may rep-
resent a shallow intrusion affecting the brittle crust. The high
heat flow observed in this corner of the field (Combs, 1980)
further suggests that this is the locus of a concentrated anomaly.

It is interesting that Feng and Lees (1998) noted that the
distribution of seismicity within the geothermal field showed
no considerable change in seismicity rates associated with the
1992 Landers event, in contradiction to the finding of Roque-
more and Simila (1994). The discrepancy lies in how the events
are selected. Feng and Lees considered the geothermal field to
be the area enclosed with the bold line in Figure 1, thus ex-
cluding the Ridgecrest events and their aftershocks. Expansion
of the region southward would include areas that were affected
after the Landers rupture.
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Figure 3. Map of regional seismicity
from the Caltech-USGS southern Cali-
fornia seismic array. Contours show the
maximum depth of seismicity in the
Coso area based on regional seismicity.
Contour interval is 400 m; the labels 5.2
and 7.2 refer to depth in kilometers. The
geothermal area and region of the to-
mographic analyses (Fig. 1) are outlined
by dashed line. Geographic features are
the same as in Figure 1 with the addition
of Red Hill, a volcanic cone located
along Highway (HW) 398. A large clus-
ter of shallow events is located southeast
of Sugarloaf Mountain (large rhyolite
dome) where numerous anomalies are
observed on the tomographic analyses.
Clusters outside of the geothermal field
include the Rose Valley sequence west
of Sugarloaf and the 1996–1998 se-
quences described in Bhattacharyya et
al. (1999).
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PREVIOUS GEOPHYSICAL ANALYSIS AT COSO

Three-dimensional analysis of the Coso region began in
the late 1970s and early 1980s. Three-dimensional teleseismic
inversions (Reasenberg et al., 1980; Walck and Clayton, 1987),
gravity modeling, electric field methods (Jackson and
O’Donnell, 1980), and seismicity studies (Walter and Weaver,
1980) were used to reconnoiter in a region not heavily studied
previously. This initial body of work was later expanded on by
efforts to characterize Vp/Vs ratios in the Coso–Indian Wells
Valley region (Walck, 1988) and attenuation structure of the
same region (Ho-Liu et al., 1988; Sanders et al., 1988). The
main goal of these studies was to delineate the heat sources of
the field: what was expected was a lowering of velocity in re-
gions where rocks are particularly hot, especially where a large
fraction of melt may be present. Another expectation was a
considerable reduction of shear-wave amplitude where signifi-
cant percentages of melt exist. Although these studies suggest
that the heat source at Coso is fairly shallow, and there appears
to be a signal-reducing velocity in conjunction with wave-
amplitude attenuation, the results had relatively crude resolu-
tion (tens of kilometers), and the quality of the data was poor
compared to the borehole data discussed in this paper. Subse-

quent high-resolution studies in the geothermal field itself, dis-
cussed in detail in the next section, reveal complex structures
associated with geothermal fluid flow and intrusion of magma.

HIGH-RESOLUTION SEISMIC VELOCITY
INVERSION

Tomographic analysis for velocity anomalies begins by
locating earthquakes (sources), usually with one-dimensional
models. Raypaths from sources to receivers are calculated, and
the target region is divided, or parameterized, into small cells.
For each raypath, a weighting function is determined that es-
timates the influence the data for that ray have on the cells in
the model that the ray traverses. For block models, this proce-
dure amounts to estimating the penetration length of each cell
the ray intersects. The traveltime residuals, i.e., the difference
between the predicted traveltime and the observed traveltime,
are then projected along the raypath along the cells according
to the weighting function. In the computer, this process can be
expressed as a large, sparse matrix inversion. Because the ray-
paths and the earthquake locations depend on the velocity mod-
els, the inversion is nonlinear, and the solution is achieved by
iteration of linearized inversions that converge to the final so-
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lution. The size of the matrices can often be quite large (50000
model parameters), and model resolution and error bars are
usually estimated via computational approximations and sim-
ulations.

In the Coso geothermal region, high-precision P- and S-
wave traveltimes from 2104 microearthquakes with focal
depths of �6 km were used in a nonlinear inversion to derive
high-resolution three-dimensional compressional- and shear-
velocity structures (Wu and Lees, 1999b) (Figs. 4 and 5). The
block size used in the inversions was 0.2 km horizontally and
0.5 km vertically. The microearthquake data allowed for im-
aging of the top 4–5 km. Spatial resolution was estimated in
well-resolved regions to be 0.35 km for Vp and 0.5 km for Vs
analyses. Model uncertainties were determined by using the
“jackknife” approach, a method involving statistical subsam-
pling of the data to assess the influence that noisy data has on
the results (Lees and Crosson, 1989). Average errors in Vp and
Vs perturbations were 0.4% and 0.8%, respectively.

The full inversion results are presented as horizontal and
vertical cross sections through the three-dimensional models.
Low-velocity zones for both P and S waves were identified
at geothermal-production depths (1–3 km). A large low Vp
(�6%) zone was found 2–2.5 km beneath the triangular region
bounded by stations CE1-CE3-CE4 where high attenuation was
also found. A high Vp zone was seen under Coso Hot Spring
with a slightly contrasting low Vs zone (Figs. 6 and 7), char-
acteristic of fluid saturation. In general, the overall distribution
of Vp and Vs perturbations do not correlate directly. An isolated
high Vs (�9%) feature, �2 km in diameter, was delineated
between stations CE2 and CE6, extending from the surface to
the deeper parts of the model. This feature is surrounded by a
circular, low-Vs belt with a width of �1 km. This belt was
interpreted as a cracked, high-porosity reservoir and/or conduit
for geothermal fluid. In the CE1-CE3-CE4 region, contrary to
low Vp, a broad high-Vs zone was observed at geothermal-
production depths, from 1 to 2.5 km.

POISSON’S RATIO AND POROSITY

Perturbations of velocity is one way to view the three-
dimensional variation of properties in the target region, but it
is often useful to consider alternative combinations of the
acoustic parameters that may be sensitive to different physical
properties. As a follow-on to the description of Coso velocity
perturbations and their respective relationship to lithologic and
hydrothermal distributions in the field, perturbations of the Vp/
Vs ratio and the P � Vp � Vs product can be used to deter-
mine Poisson’s ratio and porosity (Lees and Wu, 2000). Pois-
son’s ratio is the ratio of the fractional lateral contraction to the
fractional longitudinal extension and depends on lithology and
fluid saturation. Poisson’s ratio r is related to r � Vp/Vs by

2 2r � (r � 2)/[2(r � 1)], (2)

and thus r is a proxy for Poisson’s ratio. Porosity, on the other
hand, is more difficult to estimate because there is no a simple
analytical relationship between porosity and velocity. Lees and
Wu (2000) used studies of the relationship of porosity and P
in sedimentary rocks (Pickett, 1963; Tatham, 1982) to estimate
the distribution of porosity at Coso. Although for sedimentary
rocks, porosity is introduced by pore spaces inherent in the
fabric, at Coso, on the other hand, cracks and fractures are as-
sumed to be analogous to the pore structures of the sediment,
thus providing an analogous mechanism for spatial variations
of P to be related to porosity changes. The velocity combina-
tions thus help delineate zones of intense heat, fracture accu-
mulation, and fluid saturation. I summarize the results in Fig-
ures 8, 9, 10, and 11, although detailed descriptions of Vp/Vs
and P inversions and interpretations can be found in Lees and
Wu (2000).

The average Poisson’s ratio at Coso was estimated to be
0.224, lower than the crustal average of 0.25. Two major fea-
tures with low Poisson’s ratio and low porosity were identified
at geothermal-production depths (1–3 km) near stations CE2-
CE6 and CE1-CE3-CE4 (Figs. 8 and 9). These two low-r,
lower-porosity features are separated by a northwest-trending,
arcuate band having a high Poisson’s ratio and high porosity.
The diameter of this circular structure is 0.8–1.2 km. Because
of the correlation to the low-P anomalies (Figs. 10 and 11), it
is interpreted as a potentially highly porous feature suspected
to be fluid saturated (obviously correlated to the Vs tomography
results in Figs. 5 and 6). My interpretation of this feature is that
it most likely represents a conduit or reservoir of geothermal
fluids. The east-west and north-south arms of the arc correlate
well with observed mainstream fluid-flow directions and are
probably primary avenues through which hot water is trans-
ported from the heat center around stations CE1-CE3-CE4
(Lees and Wu, 2000; Leslie, 1991). The vertical, low-r and
high-P channel beneath the triangular region defined by CE1-
CE3-CE4 corresponds to a high-attenuation feature found in
the attenuation inversion described next. On the basis of the
tomographic analyses, I interpret this feature as the hot, un-
fractured core of the last major magmatic intrusion in the Coso
geothermal field.

P-WAVE ATTENUATION

Although simple traveltimes provide the basis for velocity
analysis, the amplitudes and the frequency content of seismic
waves contain rich information on the absorption of seismic
energy in the intervening media. Seismic velocity tends to be a
relatively insensitive estimator of temperature variations in
rocks. Attenuation, on the other hand, is a relatively sensitive
indicator of rock temperature. Usually physicists measure the
“quality factor” of materials, i.e., the efficiency of the material
to pass energy at a particular frequency. The quality factor, Q,
is defined as the ratio of stored to dissipated energy in material
as seismic waves propagate through. Attenuation is then defined
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Figure 4. Tomographic analysis of P-wave anomalies in the Coso geothermal field. Light areas show positive velocity pertur-
bations representing higher-velocity zones. Dark areas have relatively lower velocity. Blocks that are not sampled are blanked
out (white). Map features and stations are plotted for geographic reference (see Fig. 1). Map orientations of cross sections 1,
2, and 3 (numbered) are presented in lower right map for reference in subsequent cross-section figures. Layers are numbered,
and the depth in kilometers that they represent is shown at the top of each map.
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Figure 5. Vertical cross sections of P-wave anomalies in the Coso
geothermal field. Locations of cross sections are presented in Figure
4, lower right.

as the reciprocal of Q and thus represents a measure of the
absorption or loss of energy in the seismic waves as they pass
through intervening material. Q values range typically from 10
to 100 in laboratory measurements on sandstones and 100–1000
in igneous and metamorphic rock measurements (Johnston et
al., 1979). These measurements, naturally, are performed on

simple samples and do not take into account large-scale struc-
tures, fractures, and mixtures.

Attenuation usually comes in two guises: intrinsic and scat-
tering. Intrinsic attenuation relates to losses associated with heat
and friction. Scattering attenuation is due to losses from waves
diffracted throughout the medium as they propagate from
source to receiver. For the Coso geothermal field, it was shown
that intrinsic absorption, as opposed to scattering, appears to be
the dominant attenuation factor, at least in the upper 4 km (Wu
and Lees, 1996). This result implies that three-dimensional Q
variations may be interpreted as being related to intrinsic physi-
cal properties of the rocks such as lithology, temperature, and
porosity.

In a study of Q distribution at Coso, Wu and Lees (1996)
used P-wave pulse widths to estimate the three-dimensional dis-
tribution of attenuation in the geothermal field (Figs. 12 and
13) They used pulse width broadening to estimate loss of en-
ergy in seismic P-wave arrivals that can be shown to be linearly
related to Q�1 if microseismic sources are assumed to be im-
pulsive or nearly so (Wu and Lees, 1996). The equations for
deriving (inverting for) a three-dimensional quality-factor dis-
tribution are nearly identical to the formulas used to derive
three-dimensional velocity in equation 1. Once the velocity is
determined, three-dimensional raypaths are calculated in the
three-dimensional model, and the quality factor is linearly re-
lated to the attenuation of seismic waves along each path.

The average Q in the Coso geothermal area was estimated
to be �49. A broad region of low Q (30–37) was identified at
0.5–1.2 km depth below Devil’s Kitchen, Nicol Prospects, and
Coso Hot Springs. Another larger and deeper (2.5–3.6 km) low-
Q feature was observed 2–3 km southeast of Devil’s Kitchen
and Nicol Prospects. This feature was interpreted as the main
origin of Coso’s hydrothermal energy and may be related to a
suspected rising magma accumulation although the vertical ex-
tent of the presumed magma body is not defined by the current
data set. Southwest of Devil’s Kitchen and Nicol Prospects, a
vertical, low-Q channel �1 km in width and connecting the
deeper to the shallower regions of low Q was identified and
may be a conduit supplying geothermal energy to the surface
at Coso Hot Springs.

An independent study of Q can be accomplished by ex-
amining the distortion of the frequency spectrum of the P or S
wave trains. In this approach, the source spectrum has specific
characteristics that must be either assumed or derived, and de-
viations in the observed spectrum are attributed to attenuation
of the waves during transmission (Hough, 1997; Lees and Lind-
ley, 1994). At Coso it has been observed that numerous earth-
quakes are very similar in waveform, forming clusters of events
called multiplets (Lees, 1998). The high-resolution locations
from these multiplet earthquake clusters were used to estimate
Q via frequency-spectrum methods. The results agreed with
pulse-broadening results already described that put a low-Q
anomaly �1 km in the region of high heat flow in Coso (Hough
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Figure 6. Tomographic analysis of S-wave anomalies in the Coso
geothermal field. Color codes are described in Figure 4.
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Figure 7. Vertical cross sections of S-wave anomalies in the Coso
geothermal field. Locations of cross sections are presented in Figure
4, lower right.

et al., 1999). Unfortunately, very few data were available for
this analysis, and thus resolution was poor.

P-WAVE ANISTROPY

Since 1980, seismic anisotropy has been studied exten-
sively in the Earth’s crust and upper mantle. The effects of

anisotropy on seismic waves are complex compared with the
isotropic inhomogeneities (Anderson, 1989; Babuska and Cara,
1991) and therefore should be studied in any investigation of
three-dimensional variations of seismic parameters. In geother-
mal fields, velocity anisotropy was previously observed and
associated with fracture zones (Leary and Henyey, 1985; Lou
and Rial, 1997). Both internal rock fabric and external physical
conditions give rise to velocity anisotropy. Possible origins in-
clude preferred crystal orientation, lithologic layering, crack
alignment, deviatoric stress field, and fluid flow (Schön, 1996).
For the Coso region, I suspect that all these effects influence
observed anisotropy to some extent. The preponderance of sig-
nificant fractures in the geothermal field suggests that fractures,
cracks, and ambient stresses are the dominant factors at Coso.
A material containing an aligned system of cracks is effectively
anisotropic for elastic waves, whereas materials containing ran-
domly oriented microcracks exhibit bulk isotropy (Crampin,
1984; Hudson, 1981, 1994). Application of a deviatoric stress
can preferentially open and close cracks, however, depending
on their orientation with respect to the principal stress directions
(Nur, 1971). The resultant nonuniform crack orientation distri-
bution can introduce elastic anisotropy into an otherwise iso-
tropic material (Nur and Simmons, 1969). Measurements of
velocity anisotropy have been used to derive the density distri-
bution of crack orientation, which can be used in turn to predict
permeability anisotropy for fluid flow (Gibson and Toksoz,
1990). Researchers modeling geothermal-field evolution would
like to have access to this information that will ultimately pro-
vide constraints on forward modeling of fluid flow in the crust.

Most researchers have concentrated on anisotropy associ-
ated with shear waves traveling through media. These waves
are differentially polarized after passing through the anisotropic
region, and information relating the level and direction of aniso-
tropy can be determined from analysis of two separated shear
waves. This kind of analysis was applied at Coso by Lou and
Rial (1997), and three-dimensional variations of shear-wave
splitting were determined and used to estimate crack density.
The data available for such a study, though, are limited for
tomographic analysis because the data must lie within a specific
cone beneath the station in order to record the shear-wave split-
ting, thus limiting the three-dimensional resolution of the anal-
ysis. Tomographic inversions generally require large data sets
with extensive crossing ray paths to achieve good reduction of
noise and proper reconstruction of anomalous bodies. To this
end, a new method was developed for investigating three-
dimensional variations of P-wave anisotropy (Lees and Wu,
1999; Wu and Lees, 1999a). The much larger data set of P-
wave arrivals versus S-wave arrivals at Coso make this an at-
tractive alternative to the shear-wave splitting approach.

Solving for P-wave anisotropy involves solving for six pa-
rameters in each sampled block of the target model. The aniso-
tropy is represented as a velocity ellipsoid, or a 3 � 3 sym-
metric matrix. The anisotropy ellipsoid is thus fully described
by three velocity vectors in the fast, intermediate, and slow
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Figure 8. Tomographic analysis of r � Vp/Vs ratio anomalies in
the Coso geothermal field. Dark regions represent regions of high
r; light regions are low r values. Perturbations of Poisson’s ratio
are approximately proportional to perturbations in r.
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Figure 9. Vertical cross sections of r � Vp/Vs ratio anomalies in the
Coso geothermal field. Locations of cross sections are presented in
Figure 4, lower right.

directions. To simplify the visualization and interpretation of
this set of parameters, the quantity af, or the “anisotropy factor,”
is introduced as the difference between fast and slow velocities
divided by the average velocities in a block. The velocities are
the eigenvalues of the anisotropy matrices for each block. I
present here the three-dimensional distribution of af in the Coso

geothermal field. Maps of the directions can be found in Lees
and Wu (1999).

The overall anisotropy at the Coso geothermal field is
north-south fast in the western part and east-west fast in the
eastern part (Lees and Wu, 1999). A large-amplitude (8%)
anisotropy anomaly was observed at depth east of stations CE1-
CE4 (Figs. 14 and 15). An irregular, east-trending anisotropic
transition band of 1–2 km width is identified at depth between
CE5 and CE6. A dome-shaped structure is found below the
triangular area bounded by CE1-CE3-CE4. The stress distri-
bution and crack densities were estimated from the P-wave
anisotropy results. Gross features of the anisotropy distributions
(e.g., a significant anomaly located below the southwestern part
of the field) correlate well with variations of stress inferred from
earthquake focal mechanism studies. Feng and Lees (1998)
found that the southwest cluster had an anomalously low ver-
tical stress component, as compared to clusters of events north
and east. Furthermore, deviatoric stress distribution was found
to correlate closely with the high seismicity observed in the
southwest part of the geothermal field.

I cannot say for sure, at this time, what the source of the
anisotropy is at Coso. I expect that, in a geothermal setting,
crack distribution rather than deviatoric stress will be the major
contributor to anisotropy variations. For example, if it is as-
sumed that 20% of the velocity anisotropy is attributable to the
contemporary stress field, a total differential stress distribution
of �3 MPa is found for the geothermal field on average and
nearly twice as much (�6 MPa) in the CE1-CE3-CE4 region.
The largest concentration of stress was seen at the suspected
intrusion or upwelling center CE1-CE3-CE4, consistent with a
proposed magmatic intrusion model for this region based on
seismic attenuation (Wu and Lees, 1996). Focal mechanisms
and their spatial distribution further support partitioning of
stress throughout the geothermal field and emphasize the un-
usual stress orientation in this part of the field (Feng and Lees,
1998).

Contrary to widely held assumptions, it can be shown that
only the residual, unbalanced crack-density distribution pro-
duces velocity anisotropy (Wu and Lees, 1999a). Thus, only
the deviatoric part of crack density can be determined from the
velocity anisotropy, which, in turn, determines the anisotropic
part of the permeability orientation. The estimated residual
crack densities for the Coso region agree with a previous S-
wave splitting study (Lou and Rial, 1997), ranging from 0.0078
to 0.041. By using the median crack density from the P-wave
and the S-wave results, Lees and Wu (1999) showed that the
average aspect ratio for cracks in the field should be �1:38.
Given an average crack aspect ratio and an estimated crack
density, the residual permeability distribution can be estimated
by assuming a simple planar fluid-flow model through flat
cracks (Gibson and Toksoz, 1990). On the basis of these as-
sumptions, Coso geothermal field permeability can be shown
to be roughly proportional to velocity anisotropy (Figs. 14 and
15) (Lees and Wu, 1999). At this point I do not have enough
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Figure 10. Tomographic analysis of anomalies in P � Vp � Vs product (a proxy for porosity, P) in the Coso geothermal field. Dark areas
are high P; light are low P. High P is interpreted to indicate low porosity, and low P is high porosity.
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Figure 11. Vertical cross sections of anomalies in P � Vp � Vs
product in the Coso geothermal field. Locations of cross sections are
presented in Figure 4, lower right.

detailed information to verify these predictions. However, they
stand as testable hypotheses that can be explored as further
studies of the field unfold.

DISCUSSION

The microearthquake data set acquired by the Navy Geo-
thermal Program is one of the most detailed and high-quality
data sets for investigating structure in a geothermal setting.
Borehole seismic installations, station-density coverage, and
high seismicity levels insure a robust database to permit de-
tailed, reliable analysis of structural and dynamical processes
in the field as injection and production continue.

There are several significant anomalous features in the
Coso region that should be investigated more intensely, e.g.,
the small triangular area defined by stations CE3-CE4-CE1 de-
serves greater attention because it correlates well with high
heat-flow gradients measured at the surface in the late 1970s
(Combs, 1980). Velocity, attenuation, anisotropy, and stress
anomalies were each found in the southwestern part of the field
and suggest that this area is a focal point for heat flux in the
field. I speculate that this narrow zone represents an intrusion
of some sort below the active geothermal region. Perhaps it is
the peak of an intrusion of magmatic material that extends more
broadly at depth to the east, as suggested by the shallow seis-
micity cutoff that extends in that direction. Furthermore, re-
flections south of station CE4 suggest that there is a consider-
able contrast of material properties (elastic impedance) across
a subsurface boundary to the south (Lees, 1997). Studies of
stress distribution in the field (Feng and Lees, 1998) suggest
that there is zonation, or stress partitioning, indicating barriers
within the field, perhaps channeling fluid migration.

The overall tomographic inversions for attenuation and
anisotropy are not as well correlated as inversions for Vp, Vs,
Poisson’s ratio, and velocity product, P. This problem may be
partially attributed to the fact that the data quality available for
simple velocity analysis is considerably less noisy than the am-
plitude data used for attenuation studies or the traveltime resid-
uals used to determine P-wave anisotropy. On the other hand,
the physical parameters considered may be sampling other as-
pects of the material traversed and rendering simple geographic
correlation fruitless. For example, although attenuation of seis-
mic waves may be very sensitive to temperature, Vp may be
more affected by lithologic variations, and anisotropy may be
a response to either stress variations or crack density. Aniso-
tropy observed in shear waves may have a different source than
that observed for compressional waves. This possibility makes
interpretation difficult and open to challenge. My approach here
has been to consider several factors and consider external geo-
physical information where available.

A considerable effort has been invested in imaging details
of the Coso geothermal field, including developing new meth-
odology for analyzing three-dimensional variations of seismic
properties and their geologic significance. The upper 4–5 km

in the field show significant three-dimensional variations in
seismic velocity, attenuation, and anisotropy that appear to be
related to natural geothermal activity as well as to commercial
production in the field. It is clearly evident that significant heat
sources and, perhaps, fluid flow in or below the field constitute
the ultimate underlying causes of the anomalous features de-
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Figure 12. Tomographic analysis of P-wave attenuation anomalies in the Coso geothermal field. Attenuation is the reciprocal of the quality
factor Q. Light regions have high Q (small 1/Q, i.e., lower attenuation), and dark zones have low Q (large 1/Q, i.e., higher attenuation).
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Figure 13. Vertical cross sections of Q anomalies in the Coso geo-
thermal field. Locations of cross sections are presented in Figure 4,
lower right.

scribed here. Because of the shallow seismicity, this data set,
as yet, sheds little light on the shape and extent of the under-
lying magma body, or the deeper heat and magma sources for
the Coso geothermal field. The imaging methodologies de-
scribed here, however, can readily be applied to the more re-

gional data set; for example, expanding the network and con-
sidering regional waveform phases may help in delineating the
magma source. In the meantime, detailed lithologic, perme-
ability, porosity, acoustic, and other geophysical borehole logs
will allow testing of assertions and interpretations made re-
garding the seismic inversions outlined here. These will fur-
thermore allow better characterization of future inversions and
better monitoring of temporal variations of geophysical prop-
erties as the geothermal field evolves.
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Figure 14. Tomographic analysis of P-wave anisotropy anomalies
in the Coso geothermal field. Anisotropy factor is defined as the
ratio of the eigenvalues of the matrix describing the anisotropy in
each block of the model. Dark regions represent large relative
anisotropy contrasted with light regions of lower anisotropy factor.
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Figure 15. Vertical cross sections of P-wave anisotropy anomalies in
the Coso geothermal field. Locations of cross sections are presented
in Figure 4, lower right.
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