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[1] We resolve deformation at The Geysers Geothermal
Field using two distinct sets of interferometric synthetic
aperture radar (InSAR) data. The first set of observa-
tions utilize archived European Space Agency C-band
synthetic aperture radar data from 1992 through 1999
to image the long-term and large-scale subsidence at
The Geysers. The peak range velocity of approximately
50 mm/year agrees with previous estimates from level-
ing and global positioning system observations. Data from
a second set of measurements, acquired by TerraSAR-X
satellites, extend from May 2011 until April 2012 and
overlap the C-band data spatially but not temporally.
These X-band data, analyzed using a combined per-
manent and distributed scatterer algorithm, provide a
higher density of scatterers (1122 per square kilometer)
than do the C-band data (12 per square kilometer).
The TerraSAR-X observations resolve 1 to 2 cm of defor-
mation due to water injection into a Northwest Geysers
enhanced geothermal system well, initiated on October
2011. The temporal variation of the deformation is com-
patible with estimates from coupled numerical modeling.
Citation: Vasco, D. W., J. Rutqvist, A. Ferretti, A. Rucci, F.
Bellotti, P. Dobson, C. Oldenburg, J. Garcia, M. Walters, and
C. Hartline (2013), Monitoring deformation at The Geysers
Geothermal Field, California using C-band and X-band inter-
ferometric synthetic aperture radar, Geophys. Res. Lett., 40,
doi:10.1002/grl.50314.

1. Introduction
[2] The Geysers is the largest producing geothermal field

in the world. The field is located in a complex tectonic
environment and influenced by regional strain and Quater-
nary volcanism [Oppenheimer, 1986; Prescott and Yu, 1986;
Stanley et al., 1998; Schmidt et al., 2003; Funning et al.,
2007]. In addition, there are local displacements due to
injection and production at the geothermal field. The defor-
mation in and around The Geysers has been documented
using leveling data [Lofgren, 1981], trilateration observa-
tions [Prescott and Yu, 1986], and measurements made

1Lawrence Berkeley National Laboratory, University of California,
Berkeley, California, USA.

2TRE Tele-Rilevamento Europa, Milano, Italy.
3Calpine Corporation, Middletown, California, USA.

Corresponding author: D. W. Vasco, Earth Sciences Division/Building
74, Berkeley Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA.
(dwvasco@lbl.gov)

©2013. American Geophysical Union. All Rights Reserved.
0094-8276/13/10.1002/grl.50314

using the Global Positioning System (GPS) [Mossop and
Segall, 1997, 1999]. Due to the magnitude of the defor-
mation, roughly 5 cm/year [Lofgren, 1981; Mossop and
Segall, 1997], and its widely distributed nature, it would
seem that interferometric synthetic aperture radar (InSAR)
could provide useful measurements of surface displace-
ment [Hanssen, 2001]. Such observations have been used
to image deformation associated with many geothermal
fields [Massonnet et al., 1997; Carnec and Fabriol, 1999;
Fialko and Simons, 2000; Vasco et al., 2002a; Keiding
et al., 2010; Eneva et al., 2012]. In this study, we examine
the utility of InSAR observations for monitoring defor-
mation at The Geysers, using permanent and distributed
scatterer techniques to derive estimates of the changes in
the line-of-sight distance [the distance from a virtual radar
antenna to an element on the ground] also known as range
changes.

2. Interferometric Synthetic Aperture
Radar Data

[3] Two sets of InSAR data are considered in this
study: (1) C-band measurements from the European Space
Agency’s ERS-1 and ERS-2 SAR satellites, and (2) X-band
data from the TerraSAR-X satellite operated by the German
Aerospace Center [Eineder et al., 2009]. The C-band data,
acquired between 1992 and 1999, were analyzed with the
goal of estimating the regional deformation within and sur-
rounding the geothermal field. During that time, there were
no large-scale water injections in the Northwest Geysers.
The X-band data were gathered in 2011 and 2012 to obtain
a localized estimate of the deformation induced by water
injection in well Prati 32, in the Northwest Geysers. The
spatial coverage of the two data sets overlap, providing an
opportunity to compare the ability of each data set to image
deformation at The Geysers.

2.1. ERS C-Band Observations
[4] We applied a permanent scatterer algorithm to obtain

estimates of the deformation within and around The
Geysers. The permanent scatterer (PS) technique [Ferretti
et al., 2000, 2001, 2011] uses individual radar-bright and
phase-stable objects on the Earth’s surface (scatterers) to
determine a time series of the displacement of each scatterer
projected onto the satellite’s line-of-sight [Colesanti et al.,
2003]. The ERS descending track 113, frame 2817, encom-
passes the Geysers region. A total of 35 usable images, from
13 June 1992 until 14 September 1999, were processed to
extract a collection of 31,680 permanent scatterers, shown
in Figure 1. Due to vegetation and the lack of man-made
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Figure 1. Range change determined from C-band
measurements estimated using ERS-1 and ERS-2 data.
Each colored pixel on this figure corresponds to a perma-
nent scatterer, and the color represents the range change in
millimeters. Range decrease indicates movement towards
the satellite (uplift) while range increases indicate move-
ment away from the satellite, as due to subsidence. The
outline of The Geysers geothermal field is indicated by a
thick solid line. Regional faults are indicated by the thin
solid lines. The rectangle denotes a region in which X-
band interferometric synthetic aperture radar was gathered,
shown in more detail in Figure 2. The insert shows the
location of the Geysers-Clear Lake area within California.

structures, the coverage is non-uniform, with significant
gaps in which there are no scatterers. The density of per-
manent scatterers is only about 12 per square kilometer,
comparable to that of an earlier study of fault creep in an
area just to the south of The Geysers [Funning et al., 2007].

[5] Subsidence is clearly visible in Figure 1 as an increase
in range. The large-scale subsidence is attributed by many
investigators to geothermal production at The Geysers.
Ongoing isostatic rebound of the 1.1 million year old fel-
site [Stanley et al., 1998] into the overlying reservoir may
also cause extension and subsidence in the region. The maxi-
mum range increase over the 7.25 year interval is 373.3 mm,
leading to a range velocity of 51.5 mm/year, with an asso-
ciated standard deviation of 0.5 to 1.5 mm/year. This value
is in general agreement with previous subsidence estimates
of 48 mm/year, obtained from leveling data between 1973
and 1977 [Lofgren, 1981], and an estimate of 47 mm/year
calculated using GPS data from 1994 until 1996 [Mossop
and Segall, 1997]. In order to compare the spatial cover-
age of the C-band measurements with the recently acquired
TerraSAR X-band observations, we replot a subset of the
data in Figure 2a above a radar amplitude image.

2.2. TerraSAR X-Band Observations
[6] Lawrence Berkeley National Laboratory and Tele-

Rilevamento Europa (TRE) commissioned the TerraSAR-X
satellite to monitor possible ground deformation associated

(a)

(b)

(c)

Figure 2. (a) C-band synthetic aperture radar (SAR) range
velocity, extracted from a subset of the data in Figure 1. In
order to facilitate a comparison with the X-band data, these
measurements have been referenced to the same point as
the TerraSAR-X data (–122.8186°E, 38.8081°N). We have
converted the observations to range velocity in order to
allow for a comparison of the changes over the two differ-
ent time intervals: 1999–1992 and 2012–2011. The injection
and production wells for the enhanced geothermal system
experiment are denoted by the thicker solid lines. The rect-
angle indicates the area shown in Figure 3a. (b) Color coded
indication of scatterer type with distributed scatterers plot-
ted as yellow regions and permanent or point-wise scatterers
plotted as blue points. In regions of overlap, the blue points
are plotted over the yellow pixels. (c) X-band estimated of
range velocity derived from the TerraSAR-X data for the
same region as in Figure 2a.
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with the water injection that is part of an enhanced geother-
mal system (EGS) project in the Northwest Geysers. The
29° look-angle of the TerraSAR-X satellite is similar to
the 23° look-angle of the ERS satellites, resulting in range
change estimates that are primarily sensitive to vertical
displacement. Roughly 1 year of measurements, consist-
ing of 29 images from May 2011 until April 2012, were
used in the analysis. A relatively new processing tech-
nique, known as SqueeSAR [Ferretti et al., 2011], uses
a two-sample Kolmogorov-Smirnov test to partition image
pixels into permanent (point-wise) scatterers, such as rock
outcrops and man-made structures, and distributed scat-
terers such as rangeland, debris fields, scree, and bare
earth. The permanent scatterers are processed in the man-
ner described in Ferretti et al. [2000, 2001], while the
distributed scatterers are processed as statistically homo-
geneous subsets. The subdivision of scatterers into these
two groups is indicated in Figure 2b. There is considerable
overlap between regions containing point-wise or perma-
nent scatterers (blue dots) and distributed scatterers (yellow
areas). Plotting the scatterers upon digital images reveals
that they are predominantly outcrops, regions of exposed soil
and debris, portions of meadows between trees, and roads.
The improvement in coverage provided by the X-band anal-
ysis can be seen by comparing the 1195 C-band estimates
in the Northwest Geysers region (Figure 2a) with the much
larger set of 112,231 X-band estimates for the same locale
(Figure 2c).

3. Monitoring the Development of an Enhanced
Geothermal System

[7] In the Northwest Geysers EGS demonstration project,
two abandoned exploration wells were reopened, deepened,
and recompleted in 2010 to form an injector/producer pair
[Garcia et al., 2012]. The surface-projected trajectories of
the two wells are shown in detail in Figure 3a. On 6 October
2011, treated wastewater from the City of Santa Rosa was
injected into the northernmost well, well Prati-32, at a rate
of 1100–1200 gal (4163 to 4542 L) per min. After 12 h of
injection [see Figure 3b], the rate was reduced to 400 gal
(1514 L) per min. This was maintained for 55 days, after
which the injection rate was increased to 1000 gal (3785 L)
per min [Garcia et al., 2012]. The production well Prati
State-31 (PS-31) was chiefly used as an observation well
during this time.

[8] For 6 months preceding the injection and during
the injection period, InSAR data were gathered using the
TerraSAR-X constellation of satellites. Concurrently, micro-
seismicity was monitored by a high density seismic array,
and fluid pressures were recorded in two nearby observa-
tion wells, one of which is the well Prati State 31 (PS-31)
[Figure 3b]. As part of a detailed analysis of the deforma-
tion in a region surrounding the EGS project, we considered
all scatterers in the roughly 1 km � 1 km area shown in
Figure 3a. The location of this detailed view is indicated by
the small rectangle in each panel of Figure 2. To remove
cyclical and long term trends common to all scatterers, an
area-wide average displacement was subtracted from the
range change for each time sample. Furthermore, long term
trends were eliminated from each time series by fitting a lin-
ear trend from the pre-injection data and removing it from
the entire series.

[9] The detailed distribution of range change after
175 days of water injection is shown in Figure 3a. Range
decreases, largely due to the uplift of the ground surface, are
indicated by the unfilled squares. There are 558 estimates
of range change in this figure and, for each of these points,
we have 29 time samples, as indicated for two scatterers
(AOYCB and AOXGB) in Figure 3b. We observe significant
range decrease, of the order of 10 mm or more, primarily
for points between the EGS injection and production wells.
To the north and northwest of the injection well, there are
localized areas of range increase, denoted by the filled rect-
angles. Generally, the spatial wavelength of these localized
range increases is of the order of a few hundred meters, sug-
gesting shallow sources for the subsidence, perhaps due to
landslides or local groundwater changes. It should be noted
that there is another water injector, Prati 9, to the east of the
EGS site that may induce uplift at the eastern edge of the
region in Figure 3a.

4. Modeling the Deformation
[10] We use the TOUGH-FLAC numerical simulator

[Rutqvist et al., 2002; Rutqvist et al., 2010; Rutqvist, 2011]
to model the coupled multiphase fluid flow, heat transfer,
and deformation associated with the injection of cooler sur-
face water into well P-32. The reservoir model consists of
four layers: a graywacke-dominated caprock, a normal tem-
perature (240°C) reservoir, underlain by a high temperature
(280–350°C) zone of thermally-altered biotite hornfelsic
metagraywacke and intercalated argillite, and finally a felsite
layer [Garcia et al., 2012]. Estimates of hydraulic proper-
ties were taken from a full field Geysers reservoir model,
obtained by matching over 40 years of injection and produc-
tion data [Rutqvist and Oldenburg, 2008]. The permeability
assigned to the normal temperature reservoir is 5 � 10–14

m2 while in the high temperature reservoir the permeability
is 2 � 10–14 m2. The porosity of both reservoirs had to be
reduced from the Calpine reference value of 1.0% to 0.4% in
order to match the pressure increase due to the initial injec-
tion of the EGS project (Figure 3b). Initially, an average bulk
modulus (K) of 5 GPa was used in the modeling, a value
determined from an analysis of the subsidence of the entire
geothermal field [Mossop and Segall, 1997]. A single lin-
ear thermal expansion coefficient of 0.00001 / °C, obtained
from measurements made on core samples at a temperature
of 250°C [Mossop and Segall, 1997], was also used in both
reservoirs.

[11] A total of 180 days of injection were modeled using
the coupled TOUGH-FLAC simulator. The injection rate at
P-32 and the fit to the observed pressure variation in the adja-
cent well PS-31 are shown in Figure 3b. Although we match
the early pressure in PS-31 quite closely, the calculated pres-
sure changes associated with the increase in injection rate
do deviate slightly from the observations. Such a devia-
tion suggests a change in the state of the reservoir, perhaps
due to pressure- and/or temperature-dependent changes in
flow properties. For a comparison between observed and
predicted range changes, we consider the deformation at
two points: scatterer A0YCB [indicated by the circle in
Figure 3a] and scatterer A0XGB [indicated by the star in
Figure 3a], as shown in Figure 3b. In order to achieve a
reasonable fit to the observed values at scatterer A0YCB,
the average bulk modulus (K) of the host rock had to be
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Figure 3. (a) Detailed view of the range change in the region surrounding the injection well. Filled rectangles indicate
a range increase and unfilled rectangles signify a range decrease. The size of each rectangle is proportional to the range
change, and the symbol in the lower left hand corner signifies 5 mm of range change. The circle indicates the location of
scatterer A0YCB, while the star denotes the location of scatterer A0XGB. The injection (P-32) and production (PS-31)
wells are the labeled curves. The color map displays the density of earthquakes (number of earthquakes in a moving circular
window of radius 100 m) for the time period between the start of injection (9 October 2011) and the end of April 2012
(Figure 3a). (b) (top) Flow rate data for injection well Prati-32 (P-32), indicated by the solid red line, along with the flow rate
used in the reservoir simulation (dashed blue line). Pressure recorded in observation well Prati State 31 (PS-31) (solid green
line) plotted against the pressure calculated during a numerical simulation, denoted by blue squares. (bottom) Observed and
calculated range changes associated with the two scatterers A0YCB and A0XGB. The individual points indicate observed
values, while the solid lines indicate range changes estimated from a coupled deformation and flow code. The values of the
bulk moduli (K) required to match the range change data are indicated in the figure.
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increased by a factor of 3.2 to a value of 16 GPa. For scat-
terer A0XGB, the bulk modulus was increased by almost
twice that amount, a factor of 6.8 to a value of 34 GPa, in
order to fit the observed range change.

5. Discussion
[12] Interferometric synthetic aperture radar C-band data

gathered over the entire Geysers geothermal field between
1992 and 1999 (Figure 1) indicate production-induced sub-
sidence of roughly 5 cm/year, in agreement with estimates
from previous studies [Williamson 1992; Lofgren, 1981;
Mossop and Segall, 1997, 1999]. Newly available X-band
data have improved spatial and temporal sampling, allow-
ing for the direct monitoring of injection and production at
individual wells. The improved coverage provided by the
X-band data is likely due to two factors: an improved pro-
cessing algorithm [Ferretti et al., 2011] and better sampling
properties associated with the TerraSAR-X satellites. The
SqueeSAR algorithm jointly processes returns from stable
point scatterers as well as from distributed scatterers. The
TerraSAR-X satellites return every 11 days providing better
the temporal coherence for distributed scatterers. Further-
more, the ground resolution of the X-band satellites is of the
order of 3 m � 3 m, compared to the 20 m � 5 m resolution
for the C-band data. The improved resolution may allow for
many additional stable returns from objects such as small to
moderately sized outcrops.

[13] The utility of X-band InSAR measurements at The
Geysers is illustrated by an application to an enhanced
geothermal system. Using a coupled numerical modeling
code, and a reservoir model derived from historic subsi-
dence data, we are able to match the temporal variation of
the range change but not its magnitude. Specifically, we
need a substantially higher bulk modulus in order to fit
the magnitude of the range changes, as compared to the
value estimated from matching the 40 years of field-wide
subsidence data. Distinct moduli for processes related to
subsidence and uplift might be expected, considering the
well established differences between virgin and elastic reser-
voir compressibility [Teatini et al., 2011]. Factors related to
the thermal contraction of the reservoir, due to the injec-
tion of relatively cool water, are included in the modeling
and appear to be small in comparison to pressure-induced
deformation.

[14] Heterogeneity is evident in the spatial variation of
the range change plotted in Figure 3. For example, there
is a significant difference in the observed range change at
points A0YCB and A0XGB (Figure 3b) even though these
scatterers are roughly the same distance from the injection
well, and only about 150 m apart. The heterogeneous pattern
of deformation may reflect the influence of minor faults or
fractures within the region. Indeed, the distribution of range
changes and contemporaneous seismicity (Figure 3a) sug-
gests preferential flow along a roughly north-south trending
linear feature. The simultaneous spatial variation in geome-
chanical and flow properties across a narrow fault/fracture
can result in rapid spatial variations in surface deformation
[Vasco et al., 2002b], particularly if the feature extends to a
shallower depth. Longer term monitoring, capturing both the
uplift due to injection and the relaxation due to the cessation
of pumping, should help in understanding the dominant flow
due to the EGS reservoir stimulation.
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