








Figure 4.16: Ascending mode SAR data deformation values plot. Transects A-A’ and B-B’
locations are displayed in Figure 4.1. Deformation values from each interferogram were taken
along transect lines.
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Figure 4.17: Descending mode SAR data deformation values plot. Transects A-A’ and B-B’
locations are displayed in Figure 4.1. Deformation values from each interferogram were taken
along transect lines.



approximately 1,200 per year. The rate of earthquake occurrences ranges between 700 to 1500
annually. Difficulties are found in a tectonic setting such as the Coso site in determining a clear
designation on what is directly connected to geothermal production practices and what is a result

of natural tectonic movements throughout the region.

4.2 Discussion

In a region such as the Coso site, many factors can provide a leading cause to subsidence
as exhibited there. Many natural forces may play a role in the deflation of the geothermal zone
due to the high tectonic activity and the development of the volcanic system over time. Analysis
of subsidence patterns provide support as the overwhelming impact of geothermal production
practices form a likely cause to the localized and distinct subsidence exhibited within the site
throughout the previous two decades.

Rates of subsidence amounting to approximately 2.5 to 3.5 cm/year, display a change in
the Earth’s surface that moves with relative similarity per year. Separated by less than a
centimeter difference between individual interferograms in annual rates of subsidence. This
correlation suggests a steady state of deformation is taking place in the Coso Geothermal site.
This rate of subsidence continues the trends presented by Fialko and Simons (2000) and Wicks et
al (2001) throughout the 1990s. They concluded that subsidence rates amounted to
approximately 3.5 cm/year. They concluded from inverse modeling methods that a short
wavelength (2 km) deformation was taking place within the Coso Geothermal site that is
characteristic from a source of geothermal production impacts. The timeline methods of analysis
presented within this research characterizes this same form of deformation within the localized

study area surrounding the active geothermal production field. Similar methods have been
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emplaced to analyze deformation in active geothermal fields that concluded subsidence as a
result of pumping mechanisms associated with geothermal production practices (Carnec and
Fabriol, 1999; Sarychikhina et al, 2010; Ali et al, 2015).

The presence of active geothermal production practices in the Coso site for the previous
<30 years raises concern to the impact that production methods can have on the subsidence
anomaly experienced. [llustrated in Figure 4.18, the distribution of presumed geothermal
production wells throughout the Coso site are shown as the stations of man-made buildings
scattered across the surface. An overlay of the deformation anomaly area is displayed with an
interferogram covering a 2007 to 2010-time period. From this comparison it can be seen that the
focal area of the Coso site that is undergoing subsidence is directly correlated with the presumed
extents of geothermal production areas currently under operation.

Factors of geothermal operations can be attributed to this pattern of subsidence
surrounding the production area. The Coso Operating Company (2008) set forth a proposal amid
controversy, that would allow the company to pump water from the nearby Rose Valley basin.
The pumping would consist of a rate of 4,800 acre-feet per year. The proposal was approved and
pumping of water from Rose Valley began in 2009 where it will be used for injection as well as
cooling of geothermal facilities. A move by the operating company to impede on the immense
deficit of fluids and pressure within the Coso geothermal reservoir. Factors inspiring this mode
of operation come from the reports of the Coso Operating Company (2008) that states production
methods yield only a 50% percent return of fluids that are extracted. These fluids are extracted,
flashed to steam for energy production and then reinjected. An extended period of such
operations have contributed to a depressurization of the reservoir over the greater than 20 years

of production. Adams (2000) have suggested the development of a vapor-dominated zone within

85



117°48'0"W 117°46'0"W

117°50'0"W

36°4'0"N

36°2'0"N

36°0'0"N

117°50'0"W 117°48'0"W 117°46'0"W

Figure 4.18: Location of Coso Geothermal production wells. Area of subsidence derived from
interferogram calculation between the years 2007 and 2010 overlain by satellite imagery
portraying presumed location of production wells courtesy of (ESRI, 2016).
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the reservoir as a result of the depressurization.

While rates of subsidence are relatively steady within a centimeter of change in rates,
there is some fluctuation. Depending on the year intervals that were selected for analysis in
individuals interferograms. Rates of subsidence varied between ~2.5 to ~3.5 cm/yr. While some
variance could be attributed to atmospheric effects in the imaging process, the variability could
suggest a not completely constant impact of subsidence. This could likely be a result of
fluctuating production methods. That will vary depending on production needs for each borehole
location. Contrasting a natural source of deformation such as a leaking magmatic system
deriving from tectonic influences of extensional strain as suggested by Bacon et al (1980) that
likely provides a more consistent annual rate of subsidence.

Local seismicity can highlight the impact of activity levels that practices such as
geothermal production are putting on the system. In a highly tectonic region such as the Coso
site, levels of seismicity, mostly consisting of micro-seismicity will be present at any time. These
levels of seismicity can be referred to as background seismicity. It is difficult to differentiate the
background seismicity from that which is a direct response to the production practices from
injection of fluids into the ground. Significant clustering of seismicity can be used as evidence to
support the claim whether there is any sense of correlation between local production impacts on
the region at a level exceeding the natural background seismicity.

Earthquake records are included in the interferograms within Figures 4.3¢c to 4.15c.
Earthquake records are included as an overlay to the interferogram of the designated time period.
Only earthquake records coinciding with that time period are displayed. The overlay allows the
analysis of such in determining the degree at which clustering of seismicity is occurring.

Conclusions that can be established from this examination show that there is significant
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clustering within the subsidence anomaly present at the Coso site. Knowledge gained from this
concludes that there is a significant degree of impact that is present on the system by production
methods. The highly clustered earthquake occurrences consist of primarily micro-seismicity with
few outliers of small earthquakes (<3 magnitude). Feng and Lees (1998) supported the
distinction of subsidence occurrences occurring as a result of geothermal production practices
with the association of high seismicity levels in regard to borehole locations within the

geothermal field.
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Chapter 5

Future Directions

Many steps can be taken to improve or expand upon results that are presented as a part of
this research. Some methods may consist of implementing more SAR data from additional
satellite missions. To expand upon the period of study additional GIS or auxiliary data may be
included to refine the results. This may lead to a more precise conclusion on the true deformation
impact that is taking place in this highly active zone of tectonism. Understanding the subsurface
changes may provide an additional method to building a concise analysis of this region as a
whole.

SAR data from additional satellite missions such as ERS-2 as well as Sentinel-1 will
expand that years of analysis that are a part of this research. ERS-2 data can expand the years of
analysis to earlier time periods than analyzed here. Including additional years between 2000 to
2005 will account for an extension into the years that were not included in previous studies from
the 1990s. As well as include an additional five years to the data presented here. Including
Sentinel-1 data will likewise expand the study period. Sentinel-1 data will provide an even more
modern set of data from 2014 to the present. This will provide the newest deformation trends that
have occurred in recent years. Inclusion of these additional data sets would create a more
comprehensive and robust analysis while providing the potential to exposing any trends that may
have been overlooked by the results presented as a part of this research. Including data up to the
present would also provide an analysis of the Coso site in a time period after the Coso Operating
Company began pumping water from the nearby Rose Valley reservoir for injection. This

analysis would highlight whether or not these additional measures have made a positive impact
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on the deflation of the geothermal system or not.

A potentially valuable form of additional data to add to this research is the location of
drilling holes throughout the geothermal production fields in the Coso region. The well data
would allow knowledge of where the exact location that geothermal production practices are
occurring. Along with the designations of each well to their usage. May they be an injection,
extraction or injection/extraction wells. Having this knowledge may provide the necessary
information to be able to decipher whether local peaks of deformation during the study periods
can be correlated to one of the well locations.

The final beneficial addition to this research consists of the incorporation of inverse
modeling to understand the evolution of the subsurface over the same study period. The results
generated from the interferogram calculations can be utilized to perform inverse modeling of the
subsurface of the Coso geothermal site. Multiple variations of point source models can be
applied (Mogi, 1958; Okada, 1985; Yang, 1988). The complexity of the deformation exhibited at
the Coso geothermal site will determine the applicability of an individual point source model
over the others. Performing this analysis will provide the ability to infer the depth and
dimensions of a potential source for the geothermal system at depth. Knowing this enables the
possibility to model this source over the established study period to provide a conclusion on the
evolution of the source over time as it has impacted surface changes. This form of information

may provide a clearer understanding as to why the surface deformation is occurring.

90



Chapter 6

Conclusions

Necessary methods and data required for an analysis of deformation trends throughout a
designated region is presented in this research. A cutting edge remote sensing technique known
as Interferometric Synthetic Aperture Radar (InSAR) is utilized for the performance of surface
movement analysis. This technique provides the necessary precision to measure differentiating
slow and rapid shifts in the surface location over time. Two-pass differential interferometry
methods were employed for the generation of interferograms, of which visually and
quantitatively present the deformation trends throughout a designated study period in the form of
an image that contains phase values within pixels, to form an overall grid of the region.

InSAR analysis was performed throughout the Coso Geothermal site in eastern California.
The analysis covered the years between 2005 to 2010. Local subsidence was measured in the
Coso site amounting to a range of 2.5 to 3.5 cm/year throughout an area of approximately 50 to
55 km®. The local subsidence anomaly is concluded to be a direct surface response to the
geothermal production procedures that are employed within the site. Extraction and reinjection
of fluids as a practice of production methods has created a net loss of fluid within the geothermal
system resulting in depressurization throughout the system. Depressurization provides the
mechanisms for the experienced subsidence creating a cone of deflation at the Coso site.
Additionally, support of the subsidence relation to production methods are displayed as the
extents of the subsidence anomaly coincide directly with the visible locations of production wells
at the Coso site.

This research employs InSAR techniques to infer the on-going deformation patterns and
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magnitudes present at the Coso site. Previous work sought to analyze this anomaly throughout
the 1990s. While this work extends this knowledge base throughout 2005-2010. The steady rate
of deformation measured in this analysis as well as the correlation of similar deformation rates of
the 1990s suggests that the deformation experienced within the Coso site is a result of linear
deformation. Likely brought on as a continuation of depressurization due in part to the continual

extraction of hydrothermal fluids.
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