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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 (Glowacka et al., 1999, 2005; Sarychikhina et al., 2011). The deformation includes land subsidence and related 

ground fissuring and faulting. These phenomena have produced severe damages to the local infrastructure such as roads, irrigation 

canals and other facilities. 

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 controlling geological structures. In the past two decades a space 

remote sensing technique, Differential Synthetic Aperture Radar Interferometry (DInSAR), has demonstrated to be a very effective 

technique for monitoring the Earth’s surface displacement due to natural hazards and anthropogenic activities. This space-based 

technique provides unprecedented information on surface deformation, with great spatial and temporal detail, which cannot be 

achieved by any ground-based technique. The previous works (Carnec and Fabriol (1999) and Hanssen (2001), Glowacka et al., 

2010a, Sarychikhina, 2010; Sarychikhina et al., 2011) have demonstrated the capability and limitations of conventional two-pass 

DInSAR technique for measuring the subsidence at Cerro Prieto Geothermal Field (CPGF).  

In this paper, DInSAR stacking method is applied in order to investigate the ground deformation in and around the CPGF. C-band 

ENVISAR ASAR images acquired between 2003 and 2009 from the ascending and descending tracks, obtained from the European 

Space Agency (ESA), as part of ESA CAT-1 project (ID - C1P3508), were used. Gamma ISP and DIFF/GEO software packages 

were used to calculate differential interferograms from Single Look Complex (SLC) data and for differential interferograms 

stacking (Wegmüller and Werner, 1997). The resultant average annual deformation rate maps for 2004 - 2007 and 2009 were 

analyzed. The annual deformation rate maps (from ascending and descending tracks) for 2008 were excluded from the analysis 

because of presenting strong co-seismic deformation signals. The changes in the deformation pattern and rate were identified. The 

results of this study are compared with those from previous studies. 

1. INTRODUCTION 

Land subsidence as a consequence of large scale geothermal development has been observed and studied in many geothermal fields 

all over the world (e.g. Allis, 2000; Carnec and Fabriol, 1999; Hole et al., 2007; Mossop and Segall, 1997; Fialko and Simons, 

2000; Keidinget et al., 2009). This phenomenon is capable to produce substantial economic and environmental impact in the 

affected regions.  

Land subsidence detection and monitoring can provide important information about the dynamics of this process and its controlling 

geological structures. This information could be used to delineate the most severely affected areas and to estimate future 

subsidence; so counter measures can be established to mitigate and/or prevent damages to infrastructure and environment. 

Differential SAR Interferometry (DInSAR) is a remote sensing technique with the well-proven ability to detect and monitor ground 

deformation due to natural hazards and anthropogenic activities (e.g., Massonnet et al., 1997; Rosen et al., 1996; Fielding et al., 

1998). Unlike other geodetic methods that provide information only at a number of measuring points, DInSAR is a technique that is 

potentially capable to provide the high space resolution (tens of meters) maps of surface deformation with large spatial coverage 

(thousands of km2) and typical accuracy on the order of subcentimeters (Gabriel et al., 1989; Bürgmann et al., 2000; Hanssen, 

2001). Since past and existing satellite systems repeat their orbit on the order of days to weeks, DInSAR has the potential to resolve 

time-dependent deformation. Despite that several known limitations of conventional DInSAR prevent its systematic and more 

efficient use. The most relevant limitations are spatio-temporal decorrelation and atmospheric artifacts (e.g., Zebker and Villasenor, 

1992; Massonnet and Feigl, 1998; Buckley, 2000; Ding et al., 2004, 2008). One of the existing solutions to overcome these two 

limitations of conventional DInSAR is by stacking multiple differential interferograms. Ground deformation analysis can be 

therefore improved by enhancing fringe clarity and suppressing atmospheric effects. 

In what follows the differential interferograms stacking method is applied in order to investigate the land subsidence deformation in 

and around the Cerro Prieto Geothermal Field (CPGF). The resultant average annual deformation rate maps are analyzed. The 

results of this study are compared with those from previous studies. 

2. STUDIED AREA 

The area under investigation is Mexicali Valley located in northern Baja California, Mexico, in the southern portion of the Salton 

basin which is considered to be one of the geological provinces with the largest geothermal resources in the world (Figure 1). 

Geothermal resources in the Mexicali Valley are actively exploited in the Cerro Prieto Geothermal Field (CPGF). CPGF is operated 
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by the Mexican Federal Electricity Commission (Comisión Federal de Electricidad, CFE) and has been producing electricity since 

1973. Cerro Prieto is the oldest and largest Mexican geothermal field in operation and is the second largest in the world with energy 

output of 720 MW. Cerro Prieto is a high-temperature (250-350 C), fluid-dominated field, contained in sedimentary rocks.  

Mexicali Valley is part of the Salton Trough tectonic province, which lies on the Pacific–North American plate boundary (Figure 

1). This zone is characterized by high tectonic seismicity, heat flow and ground deformation, related to the tectonic regime of the 

zone. Besides the tectonic deformation, the large amount of geothermal fluids extracted to supply steam to the power plants 

produces considerable deformation in and around the field (Glowacka et al., 1999, 2005, 2010a, b; Sarychikhina et al., 2011). The 

deformation includes land subsidence and related ground fissuring and faulting. These phenomena have produced severe damages 

to the local infrastructure such as roads, irrigation canals and other facilities. The detailed plan of the study is presented in Figure 2. 

 

Figure 1: Regional map of northern Baja California, Mexico, and southern California, USA. The 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 view direction for each track. The smaller white rectangle represents the study area. The small 

yellow filled rectangle indicates the Cerro Prieto Geothermal Field site. The principal tectonic faults and structures 

are also indicated: ABF = Agua Blanca Fault, BB = Brawley Basin, CDD = Cañada David Detachment, CPB = Cerro 

Prieto Basin, CPF = Cerro Prieto Fault, 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 Suárez-Vidal et al., 

(2008). 

 

Figure 2: Plan of the study area. The black thick dotted line frames the limits of the Cerro Prieto Geothermal Field. The 

borders of the evaporation pond and the Cerro Prieto volcano (CPV) are also shown (thin gray lines). A striped 

orange rectangle indicates the extraction area of CPIV which started the operation since 2000. Solid red lines are 

well-known surface traces of tectonic faults. CPF=Cerro Prieto Fault, GF=Guerrero Fault, IF=Imperial Fault, 

MF=Morelia Fault, SF=Saltillo fault. Dotted red lines are proposed surface fault traces based on mapped fissure 

zones from González et al. (1998), Glowacka et al. (2006, 2010a), Lira (2006) and Suárez-Vidal et al. (2007, 2008). SF’ 

is continuation of Saltillo fault as proposed by Suárez-Vidal et al. (2008). Black thick line correspond to the profile 

A-A' illustrated in Figure 4. Marks with labels are shown every 10000 m of distance along the profile A-A’. Black 

square marks the location of reference region, supposed to be. Modified from Glowacka et al. (2010a). 
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The subsidence history at the CPGF area has been well documented. Geodetic studies in the Mexicali Valley began in the 1960s. 

Ground deformation in the studied area has been monitored by repeat ground survey with precise leveling and GPS, and is currently 

monitored by quasi continuous records of geotechnical instrument network (tiltmeters and extensometers). Analysis of leveling data 

and CPGF extraction history (Glowacka et al., 1999), and modeling of the tectonic and anthropogenic components of ground 

subsidence (Glowacka et al., 2005) suggested that the current deformation rate is mainly related to the fluid extraction. The high 

deformation rate and spatial correlation between locations of the ground deformation maximum and extraction wells zone was 

confirmed by DInSAR method (Carnec and Fabriol, 1999; Hanssen, 2001). However the field observation (Gonzalez et al., 1998; 

Glowacka et al., 1999, 2010a, b; Suárez-Vidal et al., 2008) and geotechnical instruments data (Glowacka et al., 1999, 2008, 2010a, 

b) reveal that the geometry of the subsiding area is controlled by tectonic faults. 

3. DATA AND PROCESSING 

DInSAR technique is based on the combination 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 Gabriel et al. (1989), Massonnet and Rabaute (1993), Gens and van 

Genderen (1996), Massonnet and Feigl (1998), Rosen et al. (2000) and Hanssen (2001). 

Previous DInSAR studies of ground deformation in the Mexicali Valley showed that the vegetation cover of a great part of this area 

makes the application of the conventional DInSAR technique very challenging (Carnec and Fabriol, 1999; Hanssen, 2001, 

Sarychikhina, 2010; Sarychikhina et al., 2011). The temporal decorrelation in the areas covered by agricultural fields around the 

CPGF increases considerably for interferometric pairs that span more than three months, and makes the DInSAR phase of long time 

period interferograms difficult to measure and unwrap. On the other hand, the accuracy of the displacement estimates from 

individual, short time spanning, differential interferograms is limited by the atmospheric path delay. Here, the stacking method, 

which consisted in averaging of multiple differential interferograms in order to overcome these two shortcomings of conventional 

DInSAR, has been carried out.  

C-band ENVISAT ASAR images from descending and ascending tracks covering the period from 2003 to 2009 were used in this 

study. Figure 1 illustrates the outline SAR frames from satellites used in this study. Data processing has been performed using the 

Gamma commercial software, developed by Wegmüller and Werner (1997) by first performing two pass – interferometry and 

unwrapping of differential interferograms and then realizing the multiple interferograms stacking and geocoding. The selection of 

interferograms for stacking was based in their quality in terms of high coherence and low noise level. Since it was pretended to 

analyze the deformation of only aseismic character in this study, the interferometric pairs presenting deformation signal from 

moderate sized earthquakes were not included to the stacking. It was impossible to generate aseismic LOS displacement rate map 

for 2008 due to high level of moderate sized seismicity in this year. 

4. DEFORMATION RATE MAPS ANALYSIS 

Figure 3 illustrates the maps of annual LOS displacement rate for 2004 – 2007 and 2009 periods obtained using differential 

interferograms stacking method. The results from both tracks, ascending and descending, are presented. Only for 2007 it was 

possible to obtain map of LOS displacement rate for both tracks, due to availability of the images. The similarity between maps of 

LOS displacement rate from ascending and descending tracks, 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 displacement. The negative values in the Figure 3 indicate an increase in the LOS range what corresponds to the 

ground subsidence. All maps of LOS displacement rate show a roughly NE–SW oriented elliptical-shaped pattern of deformation 

with two bowls exhibiting high subsidence rates. The subsiding area boundaries appear to correlate with faults, as can be seen in 

Figure 3 where they are superimposed onto the maps of LOS displacement rate. The first region of subsidence, with larger LOS 

displacement rate for all analyzed periods (Figure 3), 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 maximum 

LOS displacement rate in this region increased from 12 cm/yr in 2004 to 16-17 cm/yr in 2007 and 2009. This value of maximum 

LOS displacement rate corresponds to ~18 cm/yr of ground subsidence. The second region of subsidence is located in the CPGF 

production zone. The maximum LOS displacement rate in this region is located in the central part of the field in 2004, while in 

2005-2007 and 2009 it is located in eastern part of the field, zone where the production started in 2000 (see Figure 2). The 

maximum LOS displacement rate in the CPGF production zone is ~9 cm/ yr in 2004 and ~10-11 cm/yr in 2005-2007and 2009. 

Figure 4 shows the profile across the subsidence zone with the annual LOS displacement rates obtained using stacking method. The 

changes in the spatial pattern and rate of LOS displacement could be appreciated in this figure. The important difference between 

LOS displacement rates obtained from ascending and descending tracks could be observed in the central part of the CPGF 

(100002500 m in the A-A’ profile). This indicates the influence of horizontal displacement component, probably related to the 

horizontal displacement in the border of subsidence bowl, as proposed by Segall (1989). 

5. DISCUSSION 

A comparison of the annual aseismic LOS displacement rates for 2004-2007 and 2009 obtained using multiple differential 

interferograms stacking method reveals the important changes in spatial pattern and rate of the deformation in the study area. The 

main changes in the analyzed period occurred between 2004 and 2005, and include the increase of deformation rate in the recharge 

zone and the migration of maximum of deformation in the CPGF production zone to the northeast. Since 2005, the spatial pattern 

and rate of deformation could be considerate constant (or without important changes). The similar changes in space pattern and rate 

of deformation were found before comparing leveling results of 1994-1997 and 1997–2006 (Sarychikhina et al., 2011). Glowacka 

et al.( 2010a, b) analyzed the record of vertical extensometer installed in Saltillo fault, eastern border of subsiding area, and found 

the creep rate change from 5.3 (for 1996 - 2003) to 7.3 cm/year (2003 – 2009). The authors of mentioned studies stated that the 

observed changes in the ground deformation pattern and Saltillo fault slip rate may be caused by production development in the 

CPGF due to the newest power plant (CP IV), which started operating in 2000 in the eastern part of field and decrease of 

production in the western part of CPGF (CP I). Since 2000 there was not considerable changes in the CPGF production, so based on 
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the results of this study, we can state that it took ~5 years the subsidence to stabilize after the perturbation caused by changes in the 

CPGF production.  
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Figure 3: Maps of LOS displacement rate (cm/yr) showing the time evolution of the ground deformation field in and around 

the Cerro Prieto Geothermal Field in Mexicali Valley, Mexico. Maps were obtained using the multiple differential 

interferograms stacking method. The numbers in the right lower corner indicate the number of differential 

interferograms used in stack. Negative values indicate an increase in the LOS range (ground subsidence). Black 

square marks the location of the reference region. Tectonic faults (solid and dotted red lines), CPGF limits (black 

thick dotted line), evaporation pond and CPV (thin gray lines) are superimposed onto the maps. The maps are in 

UTM coordinates, the marks are every 5 km. 
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Figure 4: Comparison between LOS displacement rates derived from multiple differential interferograms stacking method 

for different periods along the profile A-A’ which location is shown in Figure 2. Negative values indicate an increase 

in the LOS range (ground subsidence). Solid red lines indicate location of tectonic faults which crosses the profile A-

A’. Faults notation as in Figure 2.  
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