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Abstract

Cerro Prieto is the oldest and largest Mexican geothermal field in operation and has been
producing electricity since 1973. The large amount of geothermal fluids extracted to supply
steam to the power plants has resulted in considerable deformation in and around the field. The
deformation includes land subsidence and related ground fissuring and faulting. These
phenomena have produced severe damages to infrastructure such as roads, irrigation canals and
other facilities.

In this paper, the technique of Differential Synthetic Aperture Radar Interferometry (DInSAR) is
applied using C-band ENVISAR ASAR data acquired between 2003 and 2006 to determine the
extent and amount of land subsidence in the Mexicali Valley near Cerro Prieto Geothermal Field.
The DInSAR results were compared with published data from precise leveling surveys (1994-
1997 and 1997-2006) and detailed geological information in order to improve the understanding
of temporal and spatial distributions of anthropogenic subsidence in the Mexicali Valley. The
leveling and DInSAR data were modeled to characterize the observed deformation in terms of
fluid extraction.

The results confirm that the tectonic faults control the spatial extent of the observed subsidence.

These faults likely act as groundwater flow barriers for aquifers and reservoirs. The shape of the
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subsiding area coincides with the Cerro Prieto pull-apart basin. In addition, the spatial pattern of
the subsidence as well as changes in rate are highly correlated with the development of the Cerro

Prieto Geothermal Field.

Keywords: Cerro Prieto Geothermal Field, geothermal fluids extraction, land
subsidence, DInSAR, leveling surveys, geological data.

Research Highlights

Exploitation of the Cerro Prieto Geothermal field causes ground deformation in the Mexicali
Valley. = Integrated analysis of satellite observations, ground-based geological and geodetic
measurements was performed. = Modeling of observed deformation was conducted. = The
changes in subsidence spatial pattern and rate are highly correlated with the development of the

CPGF. - The spatial extent of the observed subsidence is controlled by tectonic faults.

1. Introduction

Extraction of fluids from geothermal systems at a rate higher than the natural recharge and/or
man-made injection may result in land subsidence due to the lowering of pressure in the
reservoir and surrounding rocks. Surface deformation occurs even if the reservoir is deep and
isolated from shallow groundwater (Vasco et al., 2002). Land subsidence rates of up to dozens of
centimeters per year have been measured across several major geothermal fields (e.g., Geysers,
USA (Mossop and Segall, 1997), Wairakei-Tauhara, New Zealand (Allis et al., 2009)).

The economic and environmental impact of land subsidence can be substantial. Land subsidence
can disrupt surface drainage, reduce aquifer system storage, create ground fissures and damage
properties, farmlands, and infrastructure that may be costly to replace or repair (Schumann et al.,
1986; Sheng and Helm, 1998; Feng et al., 2008; Wang et al., 2009). Subsidence can also greatly
increase flooding potential in low-lying areas (Potok, 1991; Yong et al, 1991; Dixon et al.,
2006; Cabral-Cano et al., 2008).

Detection of land subsidence and monitoring of the spatial and temporal changes of its pattern

and magnitude can provide important information about the dynamics of this process and
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controlling geological structures. The information can be useful for estimating future subsidence,
so measures can be taken to prevent damage to infrastructure and environment.

Detection and monitoring of land subsidence can be accomplished using a number of techniques.
Traditional measurements of land subsidence have been conducted using geodetic methods such
as precise leveling and geotechnical instruments. Recently, GPS (Global Positioning System)
surveys have been widely used. These techniques provide accurate and precise measurements at
discrete points on a deforming surface. However, data collection using these techniques is
cumbersome, costly, and time consuming. The use of space-borne remote sensing imaging
systems for surface deformation detection and monitoring is also possible and could reduce both
field work and costs. Using the method known as DInSAR, Differential Interferometric Synthetic
Aperture Radar, pairs of images can be processed to obtain high spatial resolution (tens of
meters) maps of surface deformation with large spatial coverage (thousands of km?) and typical
accuracy on the order of centimeters (Gabriel ef al., 1989; Bilirgmann et al., 2000; Hanssen,
2001). Because existing satellite systems have a short repeat cycle on the order of weeks,
DInSAR has the potential to resolve time-dependent deformation. The capacity of DInSAR to
provide spatially and temporally rich data set turns it into an attractive tool for observing land
subsidence.

This paper describes the study of land subsidence in the Mexicali Valley, Baja California,
Mexico, where the intense exploitation of the Cerro Prieto Geothermal Field (CPGF) has caused
localized subsidence (Glowacka et al. 1999, 2005, 2010a, b) and has induced ground fissuring
and faulting (Lira, 1996, 1999a, 2005; Gonzalez et al., 1998; Glowacka et al., 2006, 2010a;
Suérez-Vidal et al., 2008). DInSAR measurements from conventional individual two-pass
DInSAR and from stack of individual images were analyzed. The results that include the period
from December 2004 to December 2005 were compared with available leveling data from 1994-
1997 and 1997-2006 in order to evaluate the changes in the subsidence rate and spatial pattern.
The observed subsidence pattern was also compared with the tectonic framework of the region to
determine if the pattern of subsidence was influenced by faults. Leveling and DInSAR results
were modeled to estimate the volume and rate of fluid extraction required to match the observed

changes.

2. Studied area
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2.1 General information, tectonic and geologic setting

[Insert Figure 1]

The Cerro Prieto Geothermal Field is located in the Mexicali Valley, in the northernmost part of
the state of Baja California, Mexico. The Mexicali Valley is part of the Salton Trough tectonic
province, which lies on the Pacific-North American plate boundary. The Salton Trough is a
depression over 300 km long that extends northwest from the Gulf of California (Figure 1). The
Salton Trough has a trans-tensional environment (Herzig and Jacobs, 1994) and includes a
system of en-echelon dextral transform faults and pull-apart basins.

Transform faults in the Mexicali Valley include the right-lateral Cerro Prieto and Imperial faults.
The sedimentary tensional zone that connects these faults is known as the Cerro Prieto pull-apart
basin (Elders et al., 1984; Lippmann et al., 1984; Suarez-Vidal et al., 2008). Several normal
faults, oblique to the major faults, have been formed within the basin as consequence of the
tensional stress regime imposed by the Cerro Prieto-Imperial fault system (Elders et al., 1984;
Lippmann et al., 1984; Gonzalez, 1999; Suarez-Vidal et al., 2008). The subsurface of the Cerro
Prieto basin consists of sediments and metasediments overlying Cretaceous granitic rocks. The
sediments include approximately 2700 m of Tertiary sandstones and shales and 2500 m of
Quaternary alluvium, mainly gravels, sands, and clays (Lira, 2005). The schematic geological
section across Cerro Prieto pull-apart basin is shown in Figure 2a. Localization of the section is
indicated in Figure 2b. Thick sedimentary sequences, extensional tectonics, high heat flow,
active faults, and abundant groundwater resources from the Colorado River created appropriate
conditions for the development of the CPGF geothermal reservoirs.

The CPGF is one of several high-temperature (260-350 °C) water-dominated geothermal fields
within the Salton Trough (Elders and Cohen, 1983; Lippmann et al., 1999). The CPGF is
operated by Comisién Federal de Electricidad (CFE), Mexico’s state power company, which
began power commercial production in 1973 with 75 MWe. Since then, the growth of electricity
generation has been achieved by increasing the number of power plants and wells. The newest
power plant (CP 1V), which is located northeast of existing plants, began operations in 2000
(CFE, 2006). At the present time, the CPGF has a total installed electrical power generating
capacity of 720 MWe and is the second largest geothermal field in the world. The geothermal
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reservoirs are found at depths varying between 1500 and 3000 m. Currently, about 20 % of the
extracted fluid is re-injected at depths of 500-2600 m.

The CPGF is a complex geological and hydrological system. The natural flow through this
system is controlled by (1) deltaic layered sedimentary units, (2) major faults, and (3) the
regional hydrological pressure gradient (Lippmann and Bodvarsson, 1983). The geothermal
reservoirs are recharged by the flow of hot brine from great depths (~5-6 km) in the eastern
portion of the field. It is generally accepted that the geothermal reservoirs are also recharged by
cold fresh water from shallow aquifers, located to the east, west, and south. This requires rapid
downward flow (likely through faults) of cold, low salinity water that recharges the geothermal
reservoirs (Halfman et al., 1984; Lippmann et al., 1991; Truesdell ef al., 1998; Lippmann et al.,
2004; Arellano et al., 2010).

2.2 Subsidence previous studies

The subsidence history in the Cerro Prieto region is well documented. Leveling measurements in
the Mexicali Valley began in the 1960’s, as part of exploration of the Cerro Prieto geothermal
field (Velasco, 1963). These measurements have been carried out up to the present, with varying
frequency, precision, coverage, and density. Most were requested by the CFE for monitoring of
land elevation in the CPGF and surrounding area (Garcia, 1978; Grannell ef al., 1979; de la Pena,
1981; Wyman, 1983; Lira and Arellano, 1997; Glowacka et al., 1999; Lira, 1999b), but some
were surveys for tectonic or earthquake studies (Darby ef al., 1981, 1984; de la Pefia, 1981; Lira,
1996, 1999a, 2006; Gonzalez et al., 1998).

Based in the analysis of the leveling surveys from 1977 to 1997, Glowacka et al. (1999) noticed
that the subsidence rate at the center of the field increased after each permanent increase in fluid
extraction. A more complete set of data which was recorded during 1994-1997, allowed the
estimation of the magnitude and shape of ground surface deformation in the CPGF and
surrounding areas. The area of maximum subsidence rate (12 cm/yr) coincided with the location
of extraction wells. Another maximum of subsidence rate (9 cm/yr) was located to the east of the
field, outside of extraction area. For this reason, the second maximum was interpreted as an area
of fluid recharge.

Subsidence in the study area was also studied using DInSAR by Carnec and Fabriol (1999) and
Hanssen (2001) using ERS1/2 images acquired in the periods 1993—-1997 and 1995-1997,
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respectively. Significant local subsidence up to 1.5 cm/month was detected. Although
agricultural activity in the area limited the area of investigation, the results revealed that the
ground deformation is associated with the extraction of geothermal fluid and agreed with the
leveling data.

Field mapping performed since 1989 in the surrounding CPGF area shows that many of the
subsidence-induced fractures, fissures, collapse features, small grabens, and vertical
displacements are closely related to the known tectonic faults (Gonzalez ef al., 1998; Glowacka
et al., 2006, 2010a; Lira, 2006; Suarez-Vidal et al., 2007, 2008). This information is summarized
in the Figure 2b. The affected area is localized between the Cerro Prieto and the Morelia faults to
the NW, and the Imperial and Saltillo faults to the SE, which limit the Cerro Prieto pull apart
basin (Suarez-Vidal et al., 2008).

Measurements using geotechnical instruments indicate that slip is accommodated mainly by
aseismic creep along these faults (Glowacka et al.,, 2010a, b). Analysis of the extension,
amplitude, and temporal behavior of the slip on the Cerro Prieto and Saltillo fault suggest that
these faults constitute a boundary of the actively subsiding area, and likely constitute a
groundwater barrier.

Using a tectonic model of the pull-apart center, and GPS measurements of tectonic motion
(Bennett et al., 1996), Glowacka et al. (2005) estimated that the tectonic subsidence is
responsible for only 4-5% of the measured subsidence, leaving some 95% to anthropogenic
causes. This agrees with independent estimates by Camacho Ibarra (2006), who suggested that
82-90 % of the observed subsidence in this region is anthropogenic. For this estimation Camacho
Ibarra (2006) compared ground height changes data from leveling and GPS surveys over the
period of 1962-2001 and modeled the coseismic tectonic deformation.

Several efforts have been conducted to model the observed deformation. Carnec and Fabriol
(1999) and Hanssen (2001) approximated it by using a spherical hydrostatic sources embedded
in an elastic half space (Mogi, 1958) while Sarychikhina (2003) and Glowacka et al. (2005,
2010a) used a rectangular tensional crack in an elastic half-space (Yang and Davis, 1986). The
location and depth of the best-fit models suggest that the observed surface deformation can be

related to geothermal fluid extraction.

3. Data
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As mentioned above, the land subsidence in the Mexicali Valley area is monitored by periodical
leveling surveys. In addition, geological reports from different projects that have surveyed the
area are available (Gonzalez et al., 1998; Glowacka et al., 2006, 2010a; Lira, 2006, Suarez-Vidal
et al., 2007, 2008). In this study, in an attempt to supplement the surface observations and to gain
an improved understanding of the temporal and spatial distribution of surface deformation, the
data from ground-based techniques were combined with DInSAR data.

Two datasets of second-order, first class leveling surveys (6 mm/km"? accuracy) were used in
this paper. The first, and most complete, set of precise leveling data was recorded during the
1994-1997 period (Lira and Arellano, 1997; Glowacka et al., 1999). After discarding the data
from benchmarks with evidently erroneous measures, this leveling dataset comprises 95
benchmarks. The reference point, assumed to be stable, is located to the SE of the study area, in
the Cucapah ranges (benchmark “10004”) (Figure 2b).

The second leveling dataset consists of data collected during two campaigns in 1997 and 2006
(Glowacka et al., 2006) using the same benchmarks network as for the first leveling dataset.
After discarding the data from benchmarks with evidently erroneous measures and those strongly
affected by displacement caused by 24 May, 2006 Mw=5.4 earthquake (Sarychikhina et al.,
2009), this dataset comprises data from 67 benchmarks reporting the vertical displacement
relative to the reference fixed point (benchmark “10037”) (Figure 2b). The different reference
points for these datasets is due to the loss, probably by destruction, of benchmark “10004”
sometime between 1997 and 2006. Benchmark “10037” is also located to the SE of the study
area, ~3.5 km northeast from the benchmark “10004” (Figure 2b). To compare both datasets we
referenced the first 1994-1997 dataset to the benchmark “10037”.

[Insert Figure 2- color web and paper]

Radar differential interferometry technique is based on the difference of two Synthetic Aperture
Radar (SAR) images acquired for the same area at different times from slightly different
positions. The result of this combination is a new image known as interferogram, whose main
phase component, after corrections for topography and earth curvature, is the ground

displacement along the radar line of sight (LOS). For an introduction to the DInSAR method, see
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Gabriel et al. (1989), Massonnet and Rabaute (1993), Gens and van Genderen (1996), Massonnet
and Feigl (1998), Rosen et al. (2000) and Hanssen (2001).

In this study, data from the ENVISAT ASAR system have been used to analyze the subsidence
of the study area. The ENVISAT ASAR, which began operation in 2002, is a C-band sensor with
an average (scene center) incidence angle of 23° and 35 days revisit. Because of the steep
incidence angle of ENVISAT radar, the interferograms are most sensitive to the vertical
component of the deformation.

A total of 22 Single Look Complex (SLC) images were acquired. The SAR images covered the
time period between October 2003 and May 2006'. Among the images, 17 were from the
descending track and 5 from ascending track (Table 1). Data from ascending and descending
passes have different imaging geometry (look direction), providing two linearly independent
LOS measurements. The spatial coverage of these images is presented in Figure 1.

[Insert Table 1]

4. DInSAR data analysis

4.1 Interferograms processing and analysis

Interferometric processing was performed using the public domain DORIS InSAR package
developed at the Delft Institute for Earth-oriented Space Research (Kampes et al., 2003). Precise
DEOS satellite orbits (Scharroo and Visser, 1998) and the 3-arcsecond Shuttle Radar
Topography Mission (SRTM) digital elevation model were used during processing. All
interferograms were multi-looked 4 times in range and 20 times in azimuth, resulting in a final
pixel size of approximately 100 m by 100 m. Adaptive filtering (Goldstein and Werner, 1998)
was applied to each interferogram.

All the possible interferometric pairs combinations with perpendicular baseline shorter than 400
m were analyzed (Sarychikhina, 2010). Figure 3 shows the perpendicular baseline information
with respect to the first acquisition of each dataset. Parameters of the interferometric pairs

presented in this paper are shown in the Table 2.

" There were no earthquakes with magnitude greater than 5 (M>5) in the study area in this

period.
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[Insert Figure 3]

[Insert Table 2]

The interferograms were visually examined to identify problems caused by decorrelation and
atmospheric effects. The highly vegetated areas surrounding the CPGF cause significant phase
decorrelation of the C-band SAR pairs over periods of time longer than 3 months (105 days), due
to the seasonal growth and the movements caused by the wind on the grown plants. By contrast,
the mainly desert area of the CPGF maintains high levels of coherence over longer time intervals
(Figure 4).

Figure 4 shows geocoded differential interferograms constructed using the two-pass method. All
differential interferograms show poorly to fairly well-defined fringes with a common geographic
location. As this feature was observed on independent interferograms, it is likely not due to
atmospheric effects, which vary in time, but to ground deformation. Despite the difference in
imaging geometry, fringe patterns appear similar in the ascending and descending interferograms
(Figure 4). In the differential interferograms from ascending and descending passes a clear
elliptical northeast-southwest directed fringe pattern is observed and the phase gradient indicates
an LOS displacement of the surface away from the satellite. This similarity between ascending
and descending interferograms along with the known vertical displacement from ground-based
measurements including leveling surveys suggest that the observed LOS displacements may be
interpreted as reflecting mostly vertical surface subsidence.

In the highest quality interferograms, two regions of highest subsidence occur within the larger
elliptical zone (Figure 4). The first centre of subsidence is located in the CPGF production zone
(e.g. Figure 2b). The second is located in the area between the eastern limits of the CPGF and the
Saltillo fault, which was proposed as recharge zone in previous studies (Glowacka et al., 1999,
2005; Sarychikhina, 2003).

The area affected by subsidence coincides largely with the shape of the Cerro Prieto pull-apart
basin described by Suérez-Vidal et al., (2008). The subsiding area boundaries appear to correlate
with faults and/or fissures zones as can be seen in Figure 4. The subsidence ceases abruptly
toward the southeast and east at the Saltillo fault. The Cerro Prieto fault limits the subsiding area

in the southwest. The subsidence observed along the Saltillo fault is much more abrupt than in
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the Cerro Prieto fault. This agrees with observations from vertical crackmeter and a 3-D witness®
installed on Saltillo and Cerro Prieto fault, respectively (Glowacka et al. 2010a, b). The Morelia
fault and the fractures zone that continue toward the Imperial fault mark the northern limit of
subsidence. The deformation appears less severe south and southeast of the fissure zone, which
appears to be a continuation of the Saltillo fault, as proposed by Suarez-Vidal et al. (2008), and
named here SF’ (Figure 4). Note that the influence of the Saltillo-Guerrero graben is not
observed in the differential interferograms.

Besides the persistent pattern described above which is apparent on all interferograms, a smaller
circular fringe pattern is observed south of the evaporation pond in the 2004/12/19-2005/02/27
and 2005/02/27-2005/06/12 interferograms (Figure 4c and d). This fringe pattern is also
observed in several other interferograms processed but not shown here. However, the polarity of
surface deformation (subsidence or uplift) indicated by this fringe pattern varies for different
interferograms. In the interferograms 2004/12/19-2005/02/27 and 2005/02/27-2005/06/12
(Figure 4c and d) the fringe pattern indicates a decrease in range or surface uplift. Carnec and
Fabriol (1999) observed a similar pattern which indicates a decrease in range for 1995/12/16-
1996/05/04 interferograms. They attributed this decrease in range to uplift related to the
reinjection of waste fluid at the southern end of the evaporation pond, because the central part of
the observed bowl shaped pattern is located 3 km south of three reinjection wells. However,
Hanssen (2001) attributed this fringe pattern to atmospheric artifacts. The consistent occurrence
of this pattern would argue against the atmospheric effects but the variation in polarity is
puzzling, unless the reinjection rate varies greatly, which might produce this effect. Seasonal
changes in ground deformation polarity (seasonal subsidence and uplift) were observed by
Bawden et al. (2001) in Santa Ana basin, Lu and Danskin (2001) in Bernardino basin, Watson et
al. (2002) in Los Angeles basin, California, and Hoffmann et a/. (2001) in Las Vegas Valley,
Nevada.

Except for the described small circular fringe pattern south of the evaporation pond, the regions
surrounding Cerro Prieto pull-apart basin do not show any significant signs of surface

deformation and consequently are considered stable for the purposes of this study. Some local

> 3-D witness (Deformation Gages) measures 3 components of the slip vector on the fault,
registering the relative displacement between 2 benchmarks located in the opposite sides of the
fault. 3-D witness is not a digital instrument, and the measurements are taken manually by the
technical personnel during the field works, approximately once in 1 to 3 months.
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phase gradients outside of the subsidence area may be due to residual topographic or atmospheric
noise. Topography-related artifacts in interferograms are observed in the area of Cerro Prieto
volcano and the foothills of the Cucapah Mountains (SW corner) (Figure 4). These phase
changes are likely due to topography or/and layered atmosphere because the magnitude of the
signal increases with increases in perpendicular baseline (Table 2). Similar effects are not
expected in other parts of interferograms because the rest of the study area has flat topography.
Spatial variations in the atmospheric conditions seem to be responsible for essentially random
perturbations in the radar phase difference in the interferograms, e.g. strong radar phase
difference signal east to the Imperial fault in the 2005/09/25-2005/12/04 interferogram (Figure
4f).

[Insert Figure 4- color web and paper]

4.2 Interferograms stacking

One way to reduce noise that is randomly distributed in time (such as atmospheric noise) is by
stacking interferograms. Stacking differential interferograms involves the summing multiple
differential interferograms into a single interferogram and then dividing by the total time. This
will yield a yearly rate of deformation. Four differential interferograms with temporal
separations between 70 and 105 days (Figure 4 c-f) and covering successive periods were
selected for stacking.

Before stacking the phase of each interferogram was first unwrapped using a statistical
minimum-cost flow algorithm implemented in the SNAPHU package (Chen and Zebker, 2001).
The unwrapped interferograms were detrended to compensate for orbital errors, converted to the
LOS displacement and then referenced to a common point in the space. The common reference
point is the benchmark “10037” from the 1997-2006 leveling data (Figure 5). The stack covered
a period of 350 days between December 2004 and December 2005 (Figure 6a). Pixels that were
decorrelated on any interferogram were not included in the stack.

The subsidence pattern of the resulting LOS displacement map is similar to the pattern obtained
in individual interferograms. The subsiding area is correlated with the area of the Cerro Prieto

pull-apart basin. As it can be seen in Figure 6a, the maximum estimated deformation rate is ~16
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cm/yr, and occurs in the recharge zone. The maximum deformation rate in the CPGF production

zone is ~10 cm/yr.
4.3 Data error estimation

The expected accuracy of the LOS displacement rate obtained from the stacked interferogram,

Av, ., was computed as proposed by Strozzi et al. (2001):

Av, g =—. Eq. (1)

Here, n is the number of interferograms used for stacking, ¢, is the total time interval covered

by stacking, and £ is the assumed phase error of a single interferogram. There is no
straightforward method to estimate observation error for the single interferogram. In this study
the observation error for each interferogram used in the stacking was estimated from the
residuals in the assumed stable area. These residuals correspond to non-displacement related
interferometric disturbances induced mainly by DEM inaccuracies and noise in the differential
interferograms. A triangular area (~90 km?) located to the south-east from the evaporation ponds
was assumed stable (Figure 5). This area is located very close to the Cucapah Mountains and
outside the limits of the pull-apart Cerro Prieto basin, where the reference benchmark for
leveling surveys is located and was considerate stable by Glowacka et al., (1999; 2001). The
RMS error for each interferogram was calculated (Table 3) and the average RMS error of 0.7cm
was used to calculate LOS displacement rate accuracy of the stacking. Using Equation (1) the

expected LOS displacement rate estimation error of approximately +1.5 cm/yr was obtained.

[Insert Table 3]
[Insert Figure 5- color web and paper]

[Insert Figure 6- color web and paper]

4.5 Modeling of DInSAR data.

The subsidence indicates volume contraction within the reservoir. Therefore surface deformation
could be modeled assuming a volume change at depth. Mossop and Segall (1997) used a point

pressure source in an elastic half-space (Mogi, 1958) to model subsidence in the Geysers
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geothermal field. Carnec and Fabriol (1999) and Hansen (2001) used the same approach to
model subsidence in the CPGF. Fialko and Simons, (2000) assumed a deflating triaxial
ellipsoidal cavity (Davis, 1986) to model subsidence in the Coso geothermal field. More
sophisticated models are those of Segall (1989) and Walsh (2002) that use a poroelastic
framework and slightly more complicated reservoir geometry.

However, none of these models address all of the complexities presented in the CPGF
(Sarychikhina, 2003). We chose to use a model of a dipping rectangular tensional crack
embedded in an elastic half-space (Yang and Davis, 1986; Okada, 1992) as it seems to be more
appropriate for the CPGF reservoirs, which are tilted sedimentary layers bounded by faults. This
model assumes that the surface deformation is caused by a tensile component of displacement,
such as the opening or closing of a tabular or crack-like body. The closing or opening of the
crack corresponds to an appearance or a disappearance of volume of material in the plane of the
crack (2-D crack). This volume is given by the area of the crack multiplied by an opening or a
closing of the crack. The crack closing is equivalent to reservoir or aquifer contraction due to
fluid withdrawal.

The model of a dipping rectangular tensional crack was used by Sarychikhina (2003) and
Glowacka et al. (2005) to model subsidence in the CPGF detected by 1994-1997 leveling
surveys. Each crack is characterized by a series of geometrical parameters such as its center
location (x, y, z), length (L), width (W), azimuth (Azm.), dip (Ang.) and closing (p).

The technique was also used to model the 2004-2005 DInSAR data. A forward modeling process
similar to the one performed by Glowacka et al. (2005) was applied to find the rectangular
tensional cracks that fit the best the observed LOS displacement field. The modeling was
performed using the Coulomb 3.1 software (Lin and Stein, 2004; Toda et al., 2005). Initial
parameters were based on results from 1994-1997 leveling data model (Glowacka et al., 2005), a
hydrological model of the CPGF (Halfman et al., 1984; Lippmann et al., 1991), and information
about location of surface fissures and faults from geological surveys (Gonzéalez et al., 1998;
Glowacka et al., 2010a; Suarez-Vidal et al., 2008).

The calculated vertical, D, easting,D,, and northing, D,, components of the surface

E°
displacement vector were converted into line-of-sight displacement (i.e. range change, AR,)
during the modeling using the expression for a LOS acquired in a right looking direction in a

descending track (Fialko et al., 2001), which is:
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D

U
[—cos(@) —sin(@)cos(ax)  sin(H) sin(a)] D, |= [AR], Eq. (2)
DN

where # and a are the look angle and azimuth of the satellite heading vector, respectively.

The synthetic LOS displacement field was compared with the observed LOS displacement data.
The parameters of the best-fit model are presented in Table 4. The best fit model consists of
seven closing cracks representing different reservoirs and aquifers of CPGF: four cracks
represent geothermal reservoirs ou,a,31 and B, and three represent recharge aquifers s7 (small
recharge) ,LRI (large recharge) and LR2, as continuation of LRI.. The cracks of the best-fit
model are superimposed on the schematic geological section across Cerro Prieto pull-apart in
Figure 2a. Observed and modeled LOS displacement rates are presented in the Figure 6.

The calculated LOS displacements are shown in Figure 6b with the rectangular tensional cracks
corresponding to the best fitting solution. Figure 6¢ shows the predicted LOS displacement field
with area of low coherence masked out. Figure 6d shows a residual after subtracting the best
fitting model from the data, and Figure 7 shows three profiles across the subsidence zone with
the observed and modeled LOS displacements. Both the shape and magnitude of the modeled
surface LOS displacement are quite similar to the observed ones. The absolute value of the
residual at most observation points is 0.0 — 1 cm/yr, smaller than the presumed error, although
local discrepancies show as much as 5 cm/yr. The nature of these local discrepancies is discussed
in the next section. The root mean square error per observation point (RMS) of the best-fit model
is 1.0 cm/yr.

While the initial model was based on the 1994-1997 model, the final DInSAR best-fit model
differs from that one. First, more cracks were required to fit the data. The o reservoir is
represented in our model by two cracks: a; and a,, instead of a single one as was done in 1994-
1997 model. This supposition is in better agreement with hydrological and geological data of the
CPGF which suggest that the a reservoir, shallower CPFG geothermal reservoir located in the
West of the production zone, is divided in two parts by normal SE-dipping H fault (e.g. Ocampo
Diaz and De Leodn, 2003). LR2 was added to LRI crack to model the complex form of the
subsidence pattern in the southern zone. In 1994-1997 no leveling benchmarks existed in this

zone.. The depth of sr crack center was increased from 1500 to 2800 m, first, to be in better
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agreement with the geological model and, second, to explain the depth range of slip events

proposed by Glowacka et al. (2010a).

[Insert Table 4]
[Insert Figure 7]

5. Comparison of leveling surveys with DInSAR data.

We compared the deformation rate obtained by the DInSAR stacking method with 1994-1997
and 1997-2006 leveling results (Glowacka et al., 1999, 2006), in order to evaluate the changes in
the spatial pattern and rate of land subsidence. The velocity contour maps in cm/yr from the
leveling data, projected to the LOS direction using Equation (2) and considering only the vertical
displacement component, are shown in Figure 8a and b. The contours were obtained by
interpolation of the data using the Kriging algorithm. The leveling data from the 1994-1997
survey were referenced to the reference benchmark for 1997-2006 survey (“10037”).

The 1994-1997 leveling survey shows a maximum LOS displacement rate of ~10 cm/yr in the
center of the CPGF production zone and ~8 cm/yr in the recharge zone (Figure 8a). The 1997-
2006 leveling survey indicates an increase in LOS displacement rate in the recharge area
reaching a value of ~12 cm/yr (Figure 8b). The LOS displacement rate in the production CPGF
zone decreased to ~9 cm/yr in the same period of time. However, fewer benchmarks were used
over the production zone during the later time period and it is possible that the reduction is an
artifact caused by the sparser data (Figure 8a and b).

Figure 8c shows the velocity contour plot in cm/yr from the DInSAR data for 2004-2005. Figure
8 reveals that the subsidence in the recharge zone, increased by a factor of ~1.5 between 1997
and 2005. The magnitude of maximum subsidence in the CPGF extraction zone did not change
during this period of time; however, its locus migrated to the northeast. To ensure that the
observed changes in the LOS displacement pattern are real effects and not artifacts caused by
different techniques, the velocity contour map from DInSAR data using only the pixels at the
location of the 1994-1997 leveling benchmarks was drawn (Figure 8d). If a pixel value was
indeterminate, the value from nearest pixel (distance less than 500 m) was taken instead. Total
number of 64 values was used. The results suggest that the observed changes in pattern and rate

of subsidence are not artifacts.
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Next, we model the subsidence reported by 1994-1997 leveling data using the new cracks model
obtained in section 4.3 to check its robustness. The rationale behind this idea is that the same
cracks are responsible for the subsidence in the study area at different time. Therefore we
assumed that the cracks location and geometry are time independent (defined by tectonic and/or
geology of the area) and the amount of cracks closing can change in time depending on the
extraction rate. The results are shown in Figure 9 and the parameters of the model are shown in
Table 4. The best fit model has a RMS of 1 cm/yr. The residuals in most of the leveling
benchmarks range between 0 and 2 cm/yr. However, large residuals, up to 4 cm/yr, are observed
in three benchmarks located in the western border of evaporation pond. The leveling data
suggests that this zone is subsiding; whereas the DInSAR suggests that this zone is practically
stable (Figure 8). Unfortunately, the leveling survey data from 1997-2006 does not include these
benchmarks for comparison. However, a differential interferogram obtained by Carnec and
Fabriol (1999) using ERS 1 images acquired in 16/12/1995 and 04/05/1996 clearly shows that
this zone is practically stable. Based on this result we suspect that the more likely explanation of
observed discrepancy is movement or disruption of those benchmarks during the repair of the
evaporation pond borders, which occurs frequently. As no confirmation of this is available, it
may also be due to a subsurface effect such as change in the hydrological regime.

In the calculations it was assumed that the change in volume of every particular crack is
equivalent to the volume removed from (or added to) the corresponding
reservoir/aquifer/aquitard (without analyzing details of the compaction phenomenon). With this
assumption, using the estimated values of the crack dimensions and their closing, the volume
change in the reservoirs and aquifers was evaluated for two periods: 1994-1997 and 2004-2005
(Table 5). From Table 5 it can be seen that volume change in 2005 period is ~15% more than for
1994-1997 which is comparable with net extraction (extraction-injection) change, which is about

18% larger for 2005 period, comparing with net extraction in 1994-1997 (Figure 10).

[Insert Table 5]

[Insert Figure 8 - color web and paper]
[Insert Figure 9 - color web and paper]

[Insert Figure 10]
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6. Results and discussion

In this paper, a differential interferometric analysis using C-band radar data was conducted to
map the extent and pattern of the anthropogenic subsidence of the Mexicali Valley near the
Cerro Prieto geothermal area. The differential interferograms clearly show a deformation signal
with a time span of up to 1 year. Temporal decorrelation in vegetated area decreased coherence
significantly for time periods of more than three months and atmospheric noise was also a
problem. Despite the problems a consistent deformation pattern was revealed.

Four successive short time span interferograms were stacked in order to obtain a longer time
period interferogram and reduce random noise. The stacked interferogram covers December
2004—December 2005 period and the estimated accuracy of DInSAR LOS displacement rate
derived from the stacking is +1.5 cm/yr.

The analysis of DInSAR data from ascending and descending tracks combined with ground
based data shows that the DInSAR LOS deformation signal is mainly due to vertical subsidence.
DInSAR observations confirm that the total area of ground deformation appears as a roughly
NE-SW oriented elliptical-shaped feature with two bowls exhibiting high LOS deformation rates
in the December 2004—December 2005 period: ~16 cm/yr in the recharge zone (east — northeast
of the study area) and ~10 cm/yr below in the east boundary of CPGF production zone, which
corresponds to ~17 cm/yr and ~11 em/yr of subsidence, respectively. The DInSAR mapping also
shows that the spatial extent of the subsidence matches the location of known tectonic faults.
Therefore it appears that these faults control the spatial extent of the observed subsidence, and
constitute, probably, groundwater flow barriers for aquifers/reservoirs. The shape of the
subsiding area also correlates with the Cerro Prieto pull-apart basin.

Several individual interferograms revealed a small zone of deformation south of the evaporation
pond. The polarity of the deformation varies for different interferograms. This signal was
observed earlier but attributed to either recharge (Carnec and Fabriol, 1999) or atmospheric
artifacts (Hansen, 2001). Given the consistency of the signal over time, atmospheric artifacts
seem unlikely but the change in polarity is difficult to explain. Possibly the recharge and/or
injection rate varies significantly which might cause these variations.

The DInSAR LOS displacement was modeled using a series of rectangular tensional cracks

embedded in an elastic half-space. The model is based on hydrological model of the CPGF and
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includes the information of rupture and fissure zones from geological survey and well data. The
final model consists of seven rectangular cracks. Four of them correspond to geothermal
reservoirs; the remaining three represent recharge aquifers. Comparison of the observed and
modeled surface displacements shows a reasonable agreement (RMS per observation point is 1.0
cm/yr, less than the presumed error of DInNSAR LOS displacement rate) but does not explain all
the features. An area with large residuals is located in the eastern side of the Saltillo fault, which
is a fluid flow barrier and subsidence boundary. This fault has a curved shape which is not
matched with the applied model of rectangular tensional crack.

Based on observed subsidence pattern and/or results of modeling, three new geological features
are proposed (Figure 11). The first proposed feature (F1) is a fault which appears to be the limit
of the subsiding area to the northwest. This limit might be Cerro Prieto fault, Morelia fault or an
unknown fault (Figure 11). The pond prevents definite identification of the fault by ground-based
or remote-sensing techniques and a technique such as a chirp seismic reflection survey would be
necessary. The second proposed feature (F2) is a fault which limits the a;, crack to the south and
could be one of several normal faults, oblique to the major faults, of the Cerro Prieto pull-apart
basin. This fault does not rupture the surface. However, the ground fissuring in this zone is an
additional evidence of a sub-surface fault. The best-fit model and the observed subsidence
pattern also suggest the existence of other buried structures (F3) within and below the aquifer-
bearing sedimentary basin fill, between the eastern edge of CPGF (f; and S, cracks from the
model) and the recharge zone (sr crack from the model). This structure appears to have a linear
form, parallel to the principal faults: the Cerro Prieto and the Imperial faults (Figure 11). The
formation of two separate centers of subsidence is suggested by the model of pull-apart basin
development (Aydin and Nur, 1982). Therefore, the origin of the observed structure is tectonic.
However it is difficult to determine if this limit between two subsidence basins is only

stratigraphic or also represents a faulting zone.

[Insert Figure 11 - color web and paper]

A comparison of the deformation rates obtained using different techniques and time intervals
indicate that the average rate of deformation has increased since 1997. The maximum increase of

deformation rate is observed in the recharge zone. Also the center of deformation in the CPGF
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production zone is migrating to the northeast. These results suggest that the subsidence in the
study area is a dynamical process. The changes in the ground deformation pattern may be caused
by production increase in the CPGF due to the newest power plant (CP IV) which started
operating in 2000 in the eastern part of field (Figure 2b), as was suggested by Sarychikhina et al.
(2007) and Glowacka et al., (2010a). Modeling results show correlation between the increase of

subsidence rate and net extraction increase.

7. Conclusions

The integrated analysis of satellite observations, ground-based geological and geodetic
measurements was performed in this study in order to improve the understanding of temporal
and spatial distributions of anthropogenic subsidence in the Mexicali Valley related to the
extraction of geothermal fluids in the CPGF. The changes in subsidence spatial pattern and rate
are highly correlated with the development of the CPGF. However the spatial extent of the
observed subsidence is controlled by faults.

Based on this study, it is expected that future increase of extraction rate and field limits
expansion, as proposed by Aguilar Dumas (2010), would likely lead to additional future
subsidence. So the evaluation of geological and environmental hazard due to subsidence process
is required for Mexicali Valley area.

As mentioned before subsidence causes damage to infrastructure. In the case of the Mexicali
Valley, situated in the desert climate of the Colorado River delta, the urban and agricultural
water depend on a system of canals transporting water from the Colorado River. The subsidence
and related problems (i.e. ground fissures and fractures) affect the efficiency of water
distribution system and significantly increase the cost of canals maintenance. They also affect the
cost of maintenance of the agricultural fields, roads and railroad.

The deep fluid extraction also can change the stress level, and influence seismicity of the area.
This phenomenon, suggested for oil and gas extraction (e.g. Segall, 1989) was analyzed for
CPGF by Glowacka et al. (1999, 2005).

The DInSAR technique, together with field observations, allow to measure subsidence rate,
identify areas with maximum subsidence rate, and observe the subsidence rate changes with

time. Using these data, mathematical modeling presented in this work, and plan for future CPGF
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development, the spatial distribution of the subsidence rate can eventually be forecast, which
allows to take technical and economical decisions about future investments and analyze possible

way of subsidence prevention.
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Figure Captions:

Figure 1: Regional map of northern Baja California, Mexico and southern California, USA.
Shuttle Radar Topography Mission Digital Elevation Model is used as background. Large white
rectangles indicate the spatial coverage of ENVISAT ASAR images. D indicates descending
track, and A indicates ascending track. White arrows indicate the radar look direction of the
corresponding pass. The smaller white rectangle represents the study area. Smallest white filled
rectangle represents the Cerro Prieto Geothermal Field. The principal tectonic faults and
structures are also indicated: ABF = Agua Blanca Fault, BB = Brawley Basin, CDD = Cafiada
David Detachment, CPB = Cerro Prieto Basin, CPFZ = Cerro Pricto Fault Zone, EF = Elsinore
Fault, IF = Imperial Fault, LSF = Laguna Salada Fault, SJF = Sierra Juarez Fault, SJFZ = San
Jacinto Fault Zone, SMF = San Miguel Fault. Modified from Suérez-Vidal et al. (2008).

Figure 2: (a) SW-NE schematic geological section across Cerro Prieto pull-apart basin along the
line indicated in Figure 2b (modified from Lira, 2005). The cracks of the best-fit model are
superimposed. (b) Detailed plan of the study area with principal roads, villages and features, as
Cerro Prieto volcano and evaporation pond (solid black line). Black dotted line frames the limits
of the CPGF. A gray polygon indicates extraction area before year 2000; a yellow rectangle
indicates the extraction area of CPIV which started the operation since 2000. Black squares mark
the location of reference benchmarks. Solid red lines are well-known surface traces of tectonic
faults. CPF=Cerro Prieto Fault, GF=Guerrero Fault, [F=Imperial Fault, MF=Morelia Fault,
SF=Saltillo fault. SF and GF form a structure known as the Saltillo-Guerrero Graben (S-GG).
Dotted red lines are proposed surface fault traces based on mapped fissure zones (brown squares)
from Gonzalez et al. (1998), Glowacka et al. (2006, 2010a), Lira (2006) and Suarez-Vidal et al.
(2007, 2008), and wells data (as the case of HF=H fault, and LF=L fault) from Lippmann et al.
(1984). SF’ is continuation of Saltillo fault as proposed by Suérez-Vidal et al. (2008). HF, is H
fault on the intersection with the top of f; and P, reservoirs (solid rose lines). Modified from

Glowacka et al. (2010a).

Figure 3: Perpendicular baseline information with respect to the first acquisition of each dataset.

A and D indicate ascending and descending tracks, respectively. Label in each point represents
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the orbit of the image. Black lines represent interferometric pairs presented in this article. X axis

minor ticks mark 35 days period which is the revisiting period of ENVISAT satellite.

Figure 4: Geocoded differential interferograms. Areas of low coherence (<0.1) are masked. D
indicates descending track. Black dotted line frames the limits of the CPGF. Faults notation is as

in Figure 2b.

Figure 5: Geocoded LOS displacement maps used for stacking. Areas of low coherence (<0.1)
are masked. Magenta dotted triangle marks the limits of the area considered stable and used in
the estimation of the error of LOS displacement for the single interferogram. Black dotted line
frames the limits of the CPGF. Black square shows location of the reference benchmark

“10037”. Faults notation is as in Figure 2b.

Figure 6: a. Geocoded map of LOS displacement rate (cm/yr) for December 2004-December
2005 period obtained using the stacking technique. b and c. Best-fit model predicted LOS
displacements. d. Residuals between observed (a) and predicted (b) LOS displacements. Areas of
low coherence (<0.1) are masked in a, b, and d. Black square shows location of the reference
benchmark “10037”. Black dotted line frames the limits of the CPGF. Black lines correspond to
the profiles A-A’, B-B’ and C-C’ illustrated in Figure 7. Brown rectangles in b and d show the

tensional rectangular cracks of the best-fit model (Table 4). Faults notation is as in Figure 2b.

Figure 7: Comparison between DInSAR data (black circles), derived from interferograms
stacking, and model prediction (thick discontinuous line) along the profiles which location is
shown in Figure 6a. Black circles are DInSAR data. Error bars indicate expected LOS
displacement rate estimation error of DInSAR data which is +1.5 cm/yr. Positive LOS
displacement values indicate ground subsidence. Thin lines, continuous and discontinuous, are

faults which cross the profiles. Faults notation is as in Figure 2b.

Figure 8: Contour maps of LOS displacement velocity (cm/yr) obtained using data from leveling
surveys 1994-1997 (a) and 1997-2006 (b), and DInSAR stacking 2004-2005 (¢ & d).The
contours were obtained by interpolation of the data using the Kriging algorithm. Contouring of
DInSAR stacking data was performed using the value of all pixels with coherence >0.1 (c) and

only these in location of the 1994-1997 leveling benchmarks (d). Black dotted line frames the
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limits of the CPGF. Black square shows location of the reference benchmark “10037”. Gray

squares are benchmarks used for interpolation and contouring. Faults notation is as in Figure 2b.

Figure 9: Vertical displacement from leveling surveys 1994-1997 (a) and predicted by the best-
fit model (b). (c) Residuals between observed (a) and predicted (b) vertical displacements. Black
square shows location of the reference benchmark “10037”. Gray squares are leveling
benchmarks. Black dotted line frames the limits of the CPGF. Brown rectangles in b and ¢ show

the tensional rectangular cracks of the best-fit model. Faults notation is as in Figure 2b.

Figure 10: Evolution of the net extraction of geothermal fluid (extraction-injection) in CPGF

from 1990 to 2005 (modified from page 27, CFE (20006)).

Figure 11: The spatial localization of unknown but expected faults or structural limits (F1, F2
and F3), based on observed subsidence pattern and/or results of modeling (blue rectangles).
DInSAR stacking data (2004-2005) with masked areas of low coherence (<0.1) are shown as
background. Black square shows location of the reference benchmark “10037”. Black dotted line
frames the limits of the CPGF. Brown squares indicate the location of fissure/fault zones mapped
by Gonzélez et al. (1998), Glowacka et al. (2006, 2010a), Lira (2006) and Suarez-Vidal et al.
(2007, 2008). Faults notation is as in Figure 2b. Brown rectangles show the tensional rectangular

cracks of the best-fit model.
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1  Table 1. List of ENVISAT ASAR images used for this study. A and D indicate ascending and

2 descending tracks, respectively.

DATE ORBIT TRACK FRAME PASS
2003/10/26 8655 84 2961 D
2004/05/23 11661 84 2961 D
2004/09/05 13164 84 2961 D
2004/10/10 13665 84 2961 D
2004/12/19 14667 84 2961 D
2005/01/23 15168 84 2961 D
2005/02/27 15669 84 2961 D
2005/04/03 16170 84 2961 D
2005/05/08 16671 84 2961 D
2005/06/12 17172 84 2961 D
2005/07/17 17673 84 2961 D
2005/08/21 18174 84 2961 D
2005/09/25 18675 84 2961 D
2005/10/30 19176 84 2961 D
2005/12/04 19677 84 2961 D
2006/02/12 20679 84 2961 D
2006/03/19 21180 84 2961 D
2003/12/16 9378 306 639 A
2004/02/24 10380 306 639 A
2004/05/04 11382 306 639 A
2006/04/04 21402 306 639 A
2006/05/09 21903 306 639 A

3
4
5 Table 2. Interferometric parameters of the DInSAR pairs presented in this paper. A and D
6 indicate ascending and descending tracks, respectively. Gray shading indicates interferometric
7 pairs used for stacking. * Pairs as presented in Figure 4.
8
PAIRS? MASTER SLAVE TRACK _FRAME B.i (m) (13;’;:)

a 2003/12/16  2004/02/24 306 369 (A) -157 70

b 2003/10/26  2004/10/10 84 2961 (D) -147 350

C 2004/12/19  2005/02/27 84 2961 (D) 112 70

d 2005/02/27  2005/06/12 84 2961 (D) -53 105

e 2005/06/12  2005/09/25 84 2961 (D) 206 105

f 2005/09/25 2005/12/04 84 2961 (D) -260 70
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Table 3. Estimated uncertainty in the LOS displacement (cm) for single interferogram. The

estimation was performed for each interferogram used in the stacking.

Master

Slave

Uncertainty in the

LOS displacement (cm)
2004/12/19 2005/02/27 0.6
2005/02/27 2005/06/12 1.2
2005/06/12 2005/09/25 0.5
2005/09/25 2005/12/04 0.6
Average: 0.7

Table 4. Models cracks parameters. 94-97 is the model which fits the leveling 1994-1997 data.

2005 is the model which fits the DInSAR data. Crack closing (p) is positive.

Model Cracks Parameters

Crack X (m)
o 664224
o, 667518
B1 667739
B, 669054
sr 673482

LR1 669372

LR2 671460

y (m)

3586226
3582923
3587407
3585919

3589177
3587781
3581382

z (m)

1028
1448
2060
2460

2800
862
810

L (m)

4142
4569
1435
1836

3796
9474
2624

W (m)

3151
3151
4014
4014

4923
12778
6876

Azm. (°)

136

136
138.5
138.5

134
136
136

Ang. (°)

p (m)
94-97 2005
0.075 0.015
0.035  0.035

0.12  0.12
0.12  0.15
0.115  0.23
0.04  0.04
0.04  0.04
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Table 5. Volume change caused by cracks closing.

Crack Volume change (m’/yr)
1994-1997 2005
(03] 9.79E+05 1.96E+05
o2 5.04E+05 5.04E+05
B1 6.91E+05 6.91E+05
B2 8.84E+05 1.11E+06
sr 2.15E+06 4.30E+06
LR1 4.84E+06 4.84E+06
LR2 7.22E+05 7.22E+05
Total 1.08E+07 1.24E+07
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a. Leveling survey 1994-1997 b. Leveling survey 1997-2006
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