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Use of Time-Dependent MEQ Tomography
for Monitoring Producing Geothermal Reservoirs
G. R. Foulger (University of Durham - Durham, United Kingdom)
and B. R. Julian (U.S. Geological Survey - Menlo Park, CA)

E

nergy production at geothermal areas
dependent tomography at the Coso geotherVs in a region girdling the volcano. This
causes physical changes in reservoirs
anomaly growth may indicate the migramal area suggest an area of decreasing Vp/
through changes of temperature, prestion of CO2 into the top ~2 km of MamVs in the most productive part of the resersure, and phase of pore fluids and the promoth Mountain, accompanied by depletion
voir. Several developments are desirable to
gressive removal of water. These changes
in peripheral volumes beneath surface ventoptimize time-dependent MEQ tomograaffect seismic wave speeds, which can be
ing areas. Preliminary results from timephy, but the method holds the promise of
detected using time-dependent microearthquake (MEQ)
Figure 1 - Map of The Geysers geothermal area. The production area is shaded grey. Red dots: seismometers
tomography. In this way,
with vertical sensors only, green triangles: three-component seismometers, grey triangles: geographic features
MEQs-often regarded as cuas labeled. The grid shown was used for the tomographic inversions shown in Fig. 2 (adapted from Gunasekera
riosities or nuisance side-efet al., 2003).
fects of production-may be
utilized as a powerful reservoir monitoring tool. The
method has been applied to
study The Geysers, Mammoth
Mountain (Long Valley
Caldera), and the Coso geothermal area, all in California.
The most ambitious study was
performed at The Geysers,
where tomographic inversions
were conducted for suites of
MEQs recorded in 1991,
1993, 1994, 1996 and 1998.
A strong Vp/Vs anomaly correlates spatially with the producing reservoir. This
anomaly became stronger
from 1991 to 1998, and delineates a volume where pressure
declined, pore water was replaced by steam, and clay
minerals were dehydrated.
Mammoth Mountain is an active volcano that has been
venting carbon dioxide (CO2)
at a high rate since 1989.
Time-dependent tomography
conducted there for 1989 and
1997 reveals an increase in Vp/
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Figure 2 - Anomalies in Vp/Vs at The Geysers for sea level (upper panels) and 1.0 km below sea level (lower panels). White line: steam reservoir;
red line: felsite batholith that occupies the deeper parts of the reservoir; white triangle: Cobb Mountain; thick black lines: major faults. (a)
structure for the year 1991. The contour lines show various measures of quality of the results. The black contour bounds the area within
which the spread is < 2 km, the solid orange contour bounds the area within which the resolution is > 0.005, and the dashed orange contour
bounds the area within which the standard error is < 0.005. The three-dimensional model is most reliable within these contours. (b) - (e),
differences between the 1991 structure and those for 1993, 1994, 1996 and 1998. The leftmost color scale refers to (a) and the rightmost color
scale refers to (b) - (e). In peripheral regions, well outside the contours, the starting one-dimensional model is unperturbed and appears as
green (adapted from Gunasekera et al., 2003).
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ultimately becoming an important new tool
for reservoir-wide monitoring of producing geothermal fields.
Introduction
The removal of fluid from geothermal
reservoirs by production, and its reintroduction through injection, can induce changes
in the fluid phase, pressure and temperature of the reservoir and in the physical
properties of the rock matrix. These
changes in turn may affect the seismic properties to a measurable degree, particularly
the seismic wave speeds. Reservoirs that
produce large amounts of fluid may experience changes that are detectable on a time
scale of 1-2 years. Measuring these changes
is potentially an effective way of monitorM AY / J UNE 2004

ing conditions within exploited geothermal
reservoirs.
Processes such as the replacement of
pore water by steam, pressure reduction,
and the dehydration of hydrous minerals
that occur in the rock matrix affect compressional- and shear-wave speeds (Vp and
Vs) differently. If both Vp and Vs are monitored the different effects may be separable.
Detonating properly situated explosions
large enough to provide suitable seismic
sources is generally not practical in producing fields, and in any case explosions
do not generate strong shear waves. However, production and injection often induce
microearthquakes (MEQs), which are ideal
seismic sources because many of them occur deep within the reservoir and they gen-

erate both shear waves and compressional
waves of useful amplitudes.
Time-dependent three-dimensional
tomography for Vp and Vs is the most powerful technique for using MEQs to monitor
production-related reservoir changes. Depending on the level of production and the
seismicity rate, a repeat time of about 2
years is appropriate. MEQ tomography involves iteratively calculating MEQ locations and three-dimensional wave-speed
structure from the arrival times of seismic
waves at a network seismometers within the
study area (Eberhart-Phillips, 1986;
Thurber, 1981). Such experiments ideally
require the following elements:
• Adequate MEQ activity, i.e., several hundred well-recorded earthquakes per year
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well distributed throughout the area of
interest, and
• A good seismometer network, preferably
digital and including at least 10 threecomponent stations.
Changes in the data caused by small
changes in reservoir structure from year to
year are subtle. Thus, it is important to
eliminate systematic biases that might camouflage the effects being investigated. The
same initial one-dimensional starting
crustal model, structural parameterization
and seismic-station arrays should be used
for different epochs, and the inversion
damping values must be chosen for each
geothermal field to suppress all but the most
robust results. Suitable data-processing
strategies for individual field areas must be
developed by trial and error in each case.
To date, we have conducted time-dependent tomography studies for The Geysers geothermal area, the active volcano
Mammoth Mountain in Long Valley
caldera, and at the Coso geothermal area,
all in California. In all these studies, we
used the local-earthquake tomography program SIMULPS12 (Evans, et al., 1994;
Thurber, 1981) and the analysis procedure

is described in detail by Foulger, et al.
(1995) and Gunasekera, et al. (2003). Experiments in geothermal fields in Indonesia, have also given positive results, but
these are not yet publicly released. The use
of time-dependent tomography is likely to
become standard in modern reservoir monitoring over the next few years.

CASE HISTORIES

The Geysers, California
The Geysers geothermal reservoir occupies greywacke sandstones in the coastal
ranges of northern California (Fig. 1). Its
surface area is about 75 km2 and it extends from the near surface, at about 1 km
above sea level, down to at least 3 km below sea level. The fluid extracted from
wells there is dry steam, which is thought
to have been stored as liquid in the rock
pores and to have flashed to steam in the
boreholes. Since 1968 reservoir pressure
has declined from about 3.5 MPa to 2 MPa,
while temperatures have remained constant at about 240° C in the main reservoir (Barker, et al., 1992; Barker and
Pinogol, 1997; Mitchell Stark [Calpine
Corp.], personal
communication).
In recent years,
Figure 3 - Schematic diagram illustrating the expected effects of
pressure decline
processes at producing geothermal fields. Large arrows indicate
dominant effects and small arrows indicate subsidiary or small
has been mitigated
effects. The three processes have differing effects on Vp and Vs
by improved exbut all cause Vp/Vs to decrease. Drying: Water saturation has a
ploitation stratelarge chemical-mechanical softening effect on argillaceous
gies, following
minerals such as illite, which are abundant at The Geysers. As
pore fluid is removed and the minerals dry, Vp/Vs decreases because
concentration of
Vs increases ([Boitnott, 1995; Boitnott and Kirkpatrick, 1997)
production control
(adapted from Gunasekera et al., 2003).
in the hands of a
single company
(Goyal and Box,
Vp
Vs
Vp/Vs
2004).
Steam extraction and liquid inSteam/CO2 flooding
jection at The Geysers induces continuous MEQ activity at a rate of sevPressure decrease
eral tens of events
per day. They are
widely distributed
throughout the resDrying
ervoir from the near
surface to about 4-
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km depth (Eberhart-Phillips and Oppenheimer, 1984; Stark, 1992). They are monitored by a permanent network of more than
20 seismometers, 8 of which have three
components. This is a good scenario for
time-dependent MEQ tomography.
We inverted arrival times to obtain Vp
and Vs using data sets of about 150 to 300
MEQs for each of the years 1991, 1993,
1994, 1996 and 1998 (Foulger, et al., 1997;
Gunasekera, et al., 2003). In order to obtain the best possible result, we measured
arrival times visually from digital seismograms using interactive MEQ processing
software. We dealt with anisotropy by measuring shear-wave arrivals from numerically rotated horizontal-component seismograms (which enhance the clarity of the
shear-wave arrival), and chose the earliest
shear wave when there was evidence of
shear-wave birefringence. The volume
studied is 20 x 20 km in surface area (Fig.
1) and extends from -1 km above to 4 km
below sea level. The tomographic images
show significant differences in the structures for the different years. The full suite
of results for Vp/Vs is shown in Figure 2.
The Vp/Vs structure at The Geysers for
1991 for sea level (upper panel) and 1 km
below sea level (lower panel) is presented
in Figure 2a. A strong negative anomaly of
up to about 0.16 (9% below average) correlates closely with the most heavily exploited part of the steam reservoir. The difference between the 1991 anomaly and
those for 1993, 1994, 1996 and 1998 are
illustrated in Figures 2b-e. The anomaly
grew steadily in strength between 1991 and
1998 in three parts of the reservoir. The
largest change occurred in the center, with
weaker changes to its SE and in a minor
area to its NW, which first becomes detectable in 1998 when the time-interval has
reached 7 years. The strength of the
anomaly reached 13.4 percent below average during the seven-year study period.
The qualitative effects on Vp and Vs of
processes expected to accompany geothermal production are shown schematically in
Figure 3. The signs of the expected perturbations in wave speeds change if the processes are reversed, i.e., in the cases of replacement of steam by water, pressure increase and hydration of clay minerals. The
magnitudes of the effects on Vp and Vs are
GRC B ULLETIN
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variable, but V p/V s deFigure 4 - Map showing the 1989 seismic experiment at Mammoth Mountain, Long Valley caldera. The
creases for steam floodtomography grid used is outlined in black, with gridlines shown in gray. Circles: epicenters of MEQs used in
ing, pressure reduction,
tomography, black line: caldera ring fault, grey circle: resurgent dome, thin black lines: major faults. Mammoth
Mountain and the Inyo Domes are shown in grey (adapted from Foulger et al., 2003).
and dehydration of certain clay minerals. All
these processes occur at
Seismometers
The Geysers. As fluid is
Temporary
extracted, the liquid water in the pore space boils
NCSN
and is replaced by steam,
increasing the macroscopic compressibility of
the rocks and decreasing
V p. Reservoir pressure
decreased greatly between 1991 and 1998,
and the drying of argillaceous minerals such as
illite caused an increase
in the shear modulus of
the rock matrix (Boitnott,
1995; Boitnott and Boyd,
1996), which caused Vs to
increase. Thus, three effects serendipitously reinforced one another to
cause a strong decrease in
Vp/Vs with time.
Variations in the
separate Vp and Vs fields
indicate that the dominant
tion of a thin dike into the edifice (Hill, et
degassing of <1.0 km3 of CO2-saturated
process is water depletion in the center of
al., 1990). This activity was accompanied
the reservoir, and pressure reduction and
rock with a porosity of 0.01 at pressures
by increased heat flow, venting of CO2, and
mineral drying in the northwest and southcorresponding to the inferred depth of the
east regions. The rate at which Vp/Vs detemporal changes in 3He/4He ratios in a
pocket (Sorey, et al., 1998).
creased between 1991 and 1998 suggests
steam vent on the mountain. Sustained and
Dense three-component digital seismic
that most of the 1991 anomaly was caused
widespread diffuse venting of CO2 through
networks were operated at Mammoth
by exploitation and thus the reservoir may
the soil has occurred subsequently, killing
Mountain during the 1989 crisis and again
have not been marked by a negative Vp/Vs
large areas of trees. The total flux has been
in 1997. In 1997, several of the sites used
anomaly in its natural state. It will be interestimated to be 200 to 500 tonnes/day
in 1989 were reoccupied, to minimize sysesting to test this conclusion through study
(Farrar, et al., 1995; Gerlach, et al., 1999),
tematic errors arising from variations in
of reservoirs prior to exploitation.
although this rate has decreased with time.
network geometry (Fig. 4). In both experiSorey, et al. [1998] propose that the
ments, enough earthquakes occurred beMammoth Mountain, Long
upper 2 km of Mammoth Mountain is relaneath Mammoth Mountain to enable tomoValley Caldera, California
tively cold and dry and underlain by a
graphic inversions for V p and V p /V s
Long Valley Caldera is a silicic volcano
150°C, high-pressure CO2 gas pocket that
throughout about the upper 5 km (Foulger,
in east-central California that has been exmay occupy several tens of cubic kilomeet al., 2003).
periencing seismic and volcanic unrest since
ters of porous and/or highly fractured rock.
Inversion of the 1989 data revealed a
1978. Chronic, low-level activation of the
The pocket is capped by an impermeable
coherent negative Vp/Vs anomaly in the
magma system is associated with rapid
rock unit, and perhaps underlain by a CO2upper 2 - 3 km beneath Mammoth Mounground deformation and earthquake activsaturated liquid water reservoir. The cap
tain, with a maximum strength of 9 percent.
ity. Mammoth Mountain, a 3,380-m dacite
may have ruptured in the 1989 seismo-volThe edge of this anomaly correlates closely
volcano on the southwest caldera rim, has
canic crisis, allowing gas to leak out at a
with areas of surface CO2 venting, which
been active since 1989 when an intense
high rate. The total amount of gas emitted
led Julian, et al. (1998) to interpret it as the
earthquake swarm accompanied the injecfrom 1989 to 1997 is equivalent to the total
ruptured CO2 reservoir.

1989
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The amount of CO2 lost from beneath
Mammoth Mountain from 1989 to 1997 is
small compared with the amount of fluid
extracted from The Geysers, and thus much
weaker wave-speed changes are expected.
Both increases and decreases in Vp and Vs
of up to a few percent occurred in different
places beneath the volcano, as is consistent with variable redistribution of pore
water and CO2. The change in the Vp/Vs
field shows, however, a coherent increase
throughout a zone that girdles the southern

half of Mammoth Mountain (Fig. 5). The
whole zone correlates with areas that experienced significant CO2 degassing. In
particular the areas of Vp/Vs increase beneath the southwest and south sides of
Mammoth Mountain directly underlie the
Reds Creek and Horseshoe Lake tree-kill
areas, which have been estimated to vent
over four times as much as all the other treekill areas combined (Sorey, et al., 1998).
Theoretical relations and laboratory
measurements of seismic wave speeds in

sandstones saturated with hydrocarbon
and CO2 (Wang and Nur, 1989) show that
Vp/Vs decreases significantly with CO2
flooding because of an increase in bulk
compressibility (Fig. 3). However, a recent study in the McElroy oil field, Texas,
showed that flooding the oil reservoir in
situ with CO2 produced a pore pressure
increase that offset the increase in compressibility of the bulk rock that resulted
from CO 2 flooding (Wang and Nur,
1989). Thus the Vp/Vs ratio might remain

Figure 5 - Vp/Vs structure determined from tomography at three depths for the Mammoth Mountain area (small box, Fig. 4). Left panels:
model for 1989; middle panels: model for 1997; right panels: difference between the 1997 and 1989 models. Blue symbols: CO2-rich springs.
Areas of tree kill caused by surface CO2 venting are shown in white (adapted from Foulger et al., 2003).
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unchanged. The McElroy oil field is a
reasonable analog of the shallow levels
beneath Mammoth Mountain. The CO2
flooding occurred at a depth of 900 m
below the surface, where the reservoir
rock is composed of dolostones and
evaporite cement. The porosity and permeability average 10% and 0.01 - 90 x
10-11 cm2 respectively. At the time of CO2
flooding, the pore fluid in the McElroy
field was half water and half oil, with a
density of 0.85 g cm-3 at 16°C and 1 atmospheric pressure.
Examination of the separate changes
in Vp and Vs suggest that between 1990 and
1997, gas migrated into a volume in roughly
the top 2 km beneath the center of Mammoth Mountain approximately overlying
the dike or crack that opened in 1989, and
was depleted in peripheral volumes that
correlate with surface venting areas. The
source of the CO2 is most likely the gas
pocket underneath.
The seismic network deployed in 1997
also encompassed the Casa Diablo Hot
Springs geothermal area on the southwest
edge of the Long Valley resurgent dome.
We found a small negative Vp/Vs anomaly
adjacent to this geothermal area, extending through the upper ~2 km. This observation is most readily explained by an increase in vapor content in a localized volume of about 8 km3. The tomographic results provide no evidence of elevated temperatures beneath Casa Diablo Hot Springs,
in agreement with evidence from drilling
and prospecting, that suggests the area is
not a primary zone of upwelling where temperature increases with depth. The Casa
Diablo anomaly is probably caused by a
highly fractured, geothermal fluid containment volume (Foulger et al., 2003). These
results provide a useful baseline measure
of Vp/Vs structure against which future images may be compared.
Coso Geothermal Area, California
Time-dependent tomography following a similar procedure is currently underway at the producing Coso geothermal area
(Foulger and Julian, 2004). The objectives
are both to monitor long-term evolution of
the reservoir and to test the method for its
ability to monitor reservoir stimulation experiments involving fluid injection, conM AY / J UNE 2004

ducted as part of an onFigure 6 - Map showing the location of the area at the Coso
going U.S. Department
geothermal area studied using tomography.
of Energy Enhanced
Geothermal Systems
project at Coso (Rose, et
al., 2003).
Since the early
1990s, a network of 18
three-component digital
borehole seismometers
operated by the U. S.
Navy has monitored microearthquakes at Coso.
Thirteen of these seismometers lie within or
near the producing steam
field (Fig. 6). The Coso
geothermal area is highly
active seismically, typically producing 10 to 15
earthquakes per day, well
main lines are needed. First, additional
distributed throughout the area. It is thus well
case histories are required. The results of
suited for time-dependent tomography.
several studies, e.g., in Indonesian geotherPreliminary results show detectable
mal fields, have not been published for
wave-speed changes between 1996 and
reasons of propriety. Releasing these re2002 (Foulger and Julian, 2004). Inversion
sults would be a useful service to the geoof the 1996 data reveals a negative Vp/Vs
thermal community.
anomaly in the upper ~2 km in the northSecond, software custom-designed
central part of the area, which correlates
for application to geothermal targets is
closely with the most productive part of the
needed. At present, only software ingeothermal reservoir. Negative Vp and Vs
tended for general tectonic targets of loanomalies in the northwest and northeast
cal-to-regional areal extent is available.
coincide approximately with high Vp/Vs
A useful improvement on the method
values at depths of 1- to 2-km below the
currently used would be the development
surface. Such correlation is unusual and was
of a program optimized for targets with
not observed either at The Geysers or Mamspatial dimensions of a few kilometers
moth Mountain.
and able to invert datasets from two or
Comparing the structures for 1996 and
more epochs simultaneously. At present,
2002 shows that during the interim period,
datasets are inverted independently and
both Vp and Vs increased, but increases in
the results subsequently differenced, an
Vs dominated (Fig. 7), so the negative Vp/
approach that makes estimating confiVs anomaly became stronger. The changes
dence levels difficult. The subtle signals
observed are consistent with the replacebeing sought require the best numerical
ment of pore liquid with steam at shallow
methods possible.
depth, pressure decrease, or the dehydraThird, tomographic results must be
tion of some minerals. When completed,
compared with production data and other
the study of the Coso Geothermal Field may
information bearing on the physical evocomprise the most valuable case history to
lution of reservoirs so that the changes in
date for this method, since the tomographic
Vp, Vs and Vp/Vs may be understood quanresults are of high quality and all the reservoir data are held by a single operator.
titatively. When this is achieved, time-dependent MEQ tomography will provide a
Future Challenges
powerful tool to quantify the depletion of
To increase the utility of this promisgeothermal reservoirs and guide injection
ing method, developments along three
strategies to maximize their lifetimes.
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Figure 7 - Preliminary results from tomography at the Coso geothermal area, showing Vp/Vs structure 1 km above sea level. Left panel: model
for 1996; middle panel: model for 2002; right panel: difference between 2002 and 1996. The scale at left applies to the left and middle panels,
and the scale at right applies to the right panel. Notice differences in sensitivities of the scales.
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