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Summary 
The Imperial Valley region in Southern California straddles the transitional zone from the southern 

terminus of the San Andreas fault to a series of right-lateral faults and extensional structures that extend 

to the Imperial fault and across the US-Mexico border [Elders et al., 1972; Fuis et al., 1984; Brothers et 

al., 2009] (Figure 1). Earthquakes, seismic swarms, and transient fault creep are frequently documented in 

the region [Hudnut, 1989; Meltzner et al., 2006; Lohman and McGuire, 2007; Wei et al., 2015; McGuire 

et al., 2015; Tymofyeyeva et al., 2019]. Along with these tectonic processes, widespread agricultural 

activities and geothermal power plant operations take place to the south of the Salton Sea. The Salton Sea 

geothermal field (SSGF), situated within the Brawley seismic zone, has operated for over three decades. 

While some of the observed deformation and seismic swarms have been associated with aseismic faulting 

along larger, long-lived structures [Lohman and McGuire, 2007], it is suggested that the overall 

seismicity rates in the region correlate with, and are likely affected by, geothermal operations [Brodsky 

and Lajoie, 2013] with surface displacements attributable to reservoir depletion [Barbour et al., 2016]. 

High-resolution observations of ground displacement history are critical to understanding the role 

of anthropogenic activities in inducing earthquakes [Brodsky and Lajoie, 2013], the strain partitioning 

across the plate boundary [Dorsett et al., 2019], and evaluations of seismic hazard and earthquake 

scenarios in the Imperial Valley [Lindsey and Fialko, 2016; Kyriakopoulos et al., 2019]. However, InSAR 

analysis within the Salton Trough faces long-standing challenges due to agricultural activities [Gabriel et 

al., 1989], as tilling of fields, plant growth and harvest all results in permanent change in the position or 

orientation of SAR phase scatterers within individual pixels. Efforts to analyze data from earlier 

spaceborne SAR missions with sparser temporal coverage (e.g., ERS-1/2, Envisat) [Lohman and 

McGuire, 2007; Eneva, 2014] were hampered by much lower correlation than can be achieved with the 

shorter, 12-/6-day repeat interval that is available with more recent satellite constellations (e.g., Sentinel-

1a/b). The temporally and spatially sparse data coverage of earlier missions also confounded the 

separation of tectonic and anthropogenic signals in complex regions like the SSGF [Barbour et al., 2016]. 

Our earlier InSAR observations in the SSGF (2014–2019) reveal that the ground subsidence patterns are 

highly variable over a range of spatial scales, suggesting that the overlapping effects of regional tectonic 

and anthropogenic processes play a role. 

With SCEC support this past year, we have started to investigate the processes of faulting and fluid 

injection/production at the SSGF using industrial operation data and high-resolution surface displacement 

field constrained by multi-temporal InSAR data. We have collected and compiled industrial datasets for the 

fluid injection and production history at SSGF from the California Department of Conservation. We have 

published our improved methods for InSAR deformation analysis and InSAR results over the entire 

Imperial Valley (Jiang and Lohman, 2020), which are also used in a study on the Brawley geothermal field 

(Materna et al., under review). Our preliminary results show that fluid injection and production at 

individual wells in SSGF produce spatially variable deformation field and the predicted anthropogenic 

deformation signals are smaller-scale and weaker than the InSAR-derived surface displacement signals, 

suggesting a potentially substantial contribution from large-scale tectonic processes.  

While the PI’s relocation and transitioning of professional roles during the last year have delayed 

the overall progress of the project, several major tasks are currently underway. We are constructing end-

member models of subsurface processes due to tectonic faulting and geothermal energy production, using 

time-dependent surface displacements and industrial data. We are also processing InSAR data from earlier 

periods (Envisat, 2003–2010), which would better allow us to explore the relation between deformation 

and seismicity and their anthropogenic and tectonic origins over an extended multi-decadal period. 
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Figure 1. InSAR observations of surface displacement in the Salton Trough. (a) LOS secular velocity for 2015-

-2019 in the Imperial Valley (Sentinel-1 descending track 173). The black box indicates the area shown in (b)-

(c). Noisy areas are masked out in gray. (b) LOS velocity for 2015-2019 around the Salton Sea Geothermal 

Field (SSGF, field boundary in red). Salton Buttes are shown as orange triangles. The coastlines in 2001 and 

2016 are colored in yellow and black, respectively. (c) LOS displacement during 2005/08/21–2005/09/25 

around the SSGF (Envisat descending track 84) for pixels with coherence>0.5. Deformation associated with 

aseismic fault creep and seismic swarms was documented during this period [Lohman and McGuire, 2007]. 

 
InSAR observations and anthropogenic deformation modeling 

The main challenges facing InSAR studies of the Salton Trough are the decorrelation of radar signals in 

agricultural fields and coherent signals that are not related to deformation, e.g., those due to land 

surface/vegetation changes and soil moisture variability [Gabriel et al., 1989]. To this end, we use an 

InSAR time series approach that we have tuned to extract temporally coherent signals from within the 

much noisier regions that characterize the Imperial Valley, California [Jiang and Lohman, 2020]. We use 

SAR data for 90 dates from 2014/11/10 to 2019/05/24 from the descending orbit 173 and for 94 dates 

from 2015/04/03 to 2019/05/30 from the ascending orbit 166 from the European Space Agency (ESA) 

Sentinel-1a/b satellite. We derive the line-of-sight (LOS) displacement time series for the region, as well 

as the linear secular velocity estimates (shown in Figure 1a). The derived secular velocity field captures 

the long-wavelength signals due to interseismic deformation associated with the San Andreas-Imperial 

faults, as well as the local subsidence at the SSGF (Figure 1b) and a range of signals at other geothermal 

fields (Heber, Brawley, and East Mesa, not shown). 

Compared to the Sentinel-1 observational period, Envisat SAR imagery from an earlier period 

documented transient fault creep (single interferogram spanning an earthquake swarm shown in Figure 

1c) [Lohman and McGuire, 2007]. In general, the shorter repeat time of Sentinel-1 observations results in 

much higher coherence than is found in most Envisat interferograms, especially along the roads between 

agricultural fields [Barbour et al., 2016]. However, the potential value of a comparison with the 

deformation observed more recently provides a strong motivation to revisit the earlier data. 

We use the temporal variance of InSAR coherence as a metric for masking out areas where the 

InSAR data does not produce robust measures of ground deformation (Figure 2). Even when coherent, 

agricultural fields are often associated with strong signals that are likely related to soil moisture changes, 

not ground deformation [Gabriel et al., 1989]. The secular velocity field within the SSGF has negative 

LOS rates of ~ 20 mm/yr over a broad region in both tracks (suggesting a predominantly vertical  
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Figure 2. Surface displacement, geothermal injection/production sites, and regional seismicity. (a) Unfiltered and 

from Jiang and Lohman, 2020. (b) filtered LOS surface velocity field in SSGF. Spatial filtering and interpolation 

are performed by applying a Gaussian filter (σ=~0.8 km) twice. Injection and production wells are shown as red 

and dark brown triangles, respectively. Seismicity from 2010–2017 (Hauksson et al., 2012) is plotted as black 

dots. (c) Seismicity, colored by depth. 

 
subsidence rate of ~25 mm/yr) over spatial scales of ~20 km, with some variations over small scales of ~1 

km (Figure 2). The subsidence patterns appear to extend beyond the boundary of the geothermal 

production field, suggesting that larger-scale tectonic processes or fluid flow are likely responsible for at 

least part of the observed deformation. 

The production and injection activity at the Salton Sea has been maintained at high levels over the 

past two decades. The slightly positive net production may explain at least some of the observed 

subsidence [Barbour et al., 2016]. However, individual injection and production wells do not exhibit a 

simple correlation with the patterns of ground uplift and subsidence shown in our analysis of the Sentinel-

1 time series (Figure 2b), which motivates our goal of constraining how much of the observed signal 

could be explained through fault slip on distributed, parallel structures [Brothers et al., 2009]. 

To investigate anthropogenic deformation sources, we have compiled the industrial data for the 

fluid injection and production history at individual wells of the SSGF from the California Department of 

Conservation (Figure 3c). As a first step, we consider a simplified volumetric source in a uniform, 

isotropic poroelastic half-space at each well [Segall, 1985; Barbour et al., 2016], with the cumulative 

injected or produced fluid mass constrained by the 2015–2019 industrial data. To focus on qualitative 

features in the surface displacement field, we assume a wellhead depth of 1.2 km for all wells. As 

expected, the predicted surface displacements (Figure 3b) show clear spatial correlation between the 

subsidence and fluid production, and between uplift and fluid injection. Some features in the model 

prediction can be identified in the InSAR observations, such as the strongest subsidence signals next to 

the Salton Sea shore and milder subsidence/uplift signals in the northern part of the SSGF. However, 

other features, such as the strongest uplift signals near the center of the geothermal field, are not 

immediately clear in the InSAR observations. We have expected some challenges in such a comparison 

due to potential contamination from soil-moisture-related signals in the agricultural fields and plan to use 

model results as a partial guide in our further improvements of InSAR signals and interpretation.  
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Figure 3. InSAR observations and anthropogenic deformation due to geothermal operation at the SSGF. (a) 

Filtered LOS surface velocity field in SSGF (with a spatially uniform shift of 10 mm/yr compared to Figure 2). 

(b) LOS surface displacements due to fluid injection and production at SSGF. Injection and production wells 

are shown as red and brown triangles, respectively. (c) The total injected and produced fluid mass at individual 

wells of the SSGF over 2015–2019. 

 
Furthermore, we notice that the predicted anthropogenic surface displacements have much 

smaller amplitudes than the InSAR observations (when converted to multi-year cumulative 

displacements) (Figure 3a and 3b). This discrepancy at least partly results from the simplification of the 

subsurface structure and volumetric source in our modeling and, perhaps to a lesser extent, the inaccuracy 

in InSAR-derived surface displacements. Based on the comparison of our observations and models, we 

suggest that the large-amplitude, broad-scale signals in InSAR observations reflect a significant fraction 

of tectonic deformation. 

 

Next Steps 

Following these initial modeling results, our next steps will involve the evaluation of end-member models 

of fault dislocation or volumetric injection/production sources and compare the predicted ground 

deformation with InSAR observations. We will use the near-shore seismicity clusters as the plausible 

location for the Obsidian Buttes fault [Barbour et al., 2016] and will also allow for the potential presence 

of parallel structures [Brothers et al., 2009]. Considering the discrepancy in our initial results, we will 

explore the effectiveness and biases of using simplified dislocation and volumetric sources. 

We are currently reprocessing earlier Envisat data (2003–2010) to constrain ground displacement 

rates within each period. This would allow us to assess potential signals associated with the fault (near the 

southeast boundary of the geothermal field) that produced aseismic creep in 2005 [Lohman and McGuire, 

2007; McGuire et al., 2015]. With the geodetic observations over an extended period, we will finally 

explore the spatial (and potentially temporal) relation between strain/stress changes due to plausible 

source models, and seismicity characteristics in the region. (Hauksson et al., 2012; Ross et al., 2019). 
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