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ABSTRACT

The Heber Geothermal Field is one of four operating geothermal fields in the Imperial Valley of southern California. The field
represents a blind geothermal system located north of the border with Mexico, and south-southeast of the town of El Centro. The HGF
has one double flash and three binary plants, with a total generating capacity of 120 MWe, and current production of ~90 MWe. As part
of projects with the California Energy Commission (CEC), we have studied surface deformation at Heber using SqueeSAR, an
interferometric synthetic aperture radar (INSAR) technique applied to Envisat (August 2005 — August 2010) and Sentinel (April 2015 —
April 2018) satellite data. SqueeSAR is based on permanent and distributed scatterers, often aligned along roads and canals. This makes
it possible to detect surface movements in vegetated areas where conventional INSAR techniques do not work. The spatial patterns and
changes in time of surface deformation are related to changes in production and injection, and are confirmed by ground-based leveling
data. Prominent subsidence is observed in both study periods, of up to —45 mm/year. In addition, after an increase in injection in 2005,
uplift appears in some previously subsiding areas in the northeastern part of the field. This uplift is detected in the Envisat period, but
gets reduced or resumes subsidence in the Sentinel period. In addition, horizontal movements are observed, following a pattern of
westward displacements on the eastern flanks of subsidence areas and eastward displacements on the western flanks. Since surface
deformation is dynamically connected to production and injection, and INSAR provides cost-effective and dense spatial and temporal
coverage, such satellite measurements can greatly benefit field management and operations.

1. INTRODUCTION

The Heber geothermal field is located in the Imperial Valley of southern California (Figure 1) that is part of the Gulf of California rift
zone. The valley extends for about 80 km from the southern shore of the Salton Sea toward the U.S.-Mexico border. It is also part of the
Salton Through, which represents a spreading center due to the relative movement of the Pacific and North American Plates. This leads
to active regional tectonics associated with high heat flow and volcanism (e.g., Lachenbruch et al. 1985), substantial subsidence and
horizontal movements, localized deformation due to networks of strike-slip and normal faults, and surface displacements caused by
numerous earthquakes and aseismic slip. Superimposed on the tectonically induced surface deformation are anthropogenic sources of
surface changes, including the geothermal operations in southern California.

The high heat flow in the Salton Trough led to geothermal developments that currently produce a total of ~520 MWe (data from
http://openEl.org/wiki and http://www.ormat.com), second only to The Geysers in the U.S. The current geothermal operations take
place at the Salon Sea geothermal field (operated by CalEnergy Resources Ltd. in its central and southwestern parts, and by
EnergySource LLC in its northeastern part), and at the Heber, North Brawley, and East Mesa (Ormesa) geothermal fields (all three
operated by Ormat Technologies Inc.).

Heber represents a blind geothermal system (e.g., Lippmann and Bodvarsson, 1985) located just north of the border with Mexico, and
south-southeast of the town of El Centro (Fig. 1). The field was first developed in the early 1980’s by Chevron, starting with a double
flashed plant. Initial output was lower than expected, so a modular binary power plant was added, making the geothermal operations
successful since the mid-1993 (Sones and Krieger, 2000). At present, the field has one double flash and three binary plants, with a
current production of 89 MWe (http://www.ormat.com) that is 17% of the total Imperial Valley geothermal production. Its estimated
generating capacity is 120 MWe. The reservoir volume is estimated at 23 km? (Gawell, 2014) to 28 km® (Geothermex, 2004). The
depths to the top and bottom of the reservoir are 1,200 m and 1,800 m, respectively (Sones and Schochet (1999). The mean temperature
at depth has been reported at 375°C (USGS, 2008), but the lower average temperature of the geofluids (174°C) necessitated the
construction of binary plants. It is assumed that the controlling structure is pull-apart, in a strike-slip fault zone, with a reservoir model
including three major permeability units (James et al., 1987) — “capping” clays at depth of 150-150 m, high matrix permeability
sandstone “outflow” reservoir at 150-1,680 m, and high permeability “feeder” faults and fractures in indurated sediments below 1,680
m. These were deduced from seismic lines, and maps and cross-sections of lost circulation and temperature distribution. James et al.
(1987) also commented on a steep pressure decline under initial production, but subsequent rapid stabilization due to regional aquifer
support. The authors concluded that the reservoir is very permeable and that there is a significant opportunity for additional
development of the field. Allison (1990) used borehole breakout orientations to confirm these findings, particularly the right strike-slip
and normal faults suggested by James et al. (1987).
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Figure 1. Map of the Heber geothermal field area. Yellow outline marks the known geothermal resource area (KGRA). Orange
triangles — production wells. Blue triangles — injection wells. Yellow diamonds — benchmarks used in leveling surveys.

We have been investigating surface deformation in geothermal areas of California (Eneva et al., 2009-2018) in several projects with the
California Energy Commission (CEC), with the intention to demonstrate its dynamic relationship to production and injection, which can
be useful in reservoir management and operation. Surface deformation has been traditionally measured through ground-based leveling
surveys and GPS. A more recent development, interferometric synthetic aperture radar (INSAR) has made it possible to measure surface
displacements from space, providing cost-effective and dense spatial and temporal coverage. Agricultural areas like the Imperial Valley
are largely inaccessible to earlier INSAR techniques. Using SqueeSAR (Ferretti at al., 2011), a state-of-the-art INSAR technique, we
were able to measure for the first time from space surface deformation in the agricultural areas of the Imperial Valley, including at
Heber (Eneva et al., 2013). This was possible because SqueeSAR is based on points that play the role of scatterers in the satellite
images, which commonly align along roads and canals intersecting the agricultural areas. This leads to the detection of surface
movements that are hidden to conventional INSAR techniques. Here we revisit our earlier findings (Eneva et al., 2013) and integrate
them with continued analysis of new satellite data.

2. TECHNIQUE

INSAR makes use of a special type of satellite radar data, synthetic aperture radar (SAR). The first INSAR technique developed to detect
surface deformation was differential INSAR (i.e., DINSAR) — see Eneva (2010) for an overview. Subsequent innovations, PSINSAR™
(Ferretti, et al., 2007), and its extension, SqueeSAR™ (Ferretti, et al., 2011), both developed at TRE Altamira, make it possible to detect
deformation in vegetated areas where DInSAR does not work. SqueeSAR makes use of “permanent” and “distributed” scatterers (PS
and DS). The PS points can be buildings, well pads, points along roads and canals, fences, lamp posts, transmission towers, rock
outcrops, etc. They serve as reflectors of the radar waves that are consistently identified in a sequence of radar scenes, so that time series
of surface deformation are derived at each individual PS. The DS represent homogeneous areas emitting signals with smaller signal-to-
noise ratios than the PS, but still significantly above the background noise. They include rangelands, pastures, and bare earth that are
frequently encountered in relatively arid environments and rural areas. The scatterer-based techniques typically provide deformation
time series at thousands of locations (vastly exceeding the spatial coverage of leveling surveys and GPS networks), and multiple times
per year (compared with annual, or less frequent, leveling surveys). We have previously applied PSINSAR and SqueeSAR to geothermal
fields and other areas of southern California and northern Nevada (Eneva et al., 2009-2018; Ayling et al., 2018). In southern California
we obtained results in some areas that were untapped by INSAR before. Hereafter, we use the more generic term “InSAR,” with which,
unless stated otherwise, we mean the SqueeSAR technique.
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In any INSAR technique, the deformation is first measured in the line-of-sight (LOS) to the satellite, with negative and positive LOS
displacements indicating movements away from and toward the satellite, respectively. Deformation time series are obtained at each PS
and DS point and are used to calculate annual deformation rates from the slopes of straight lines fitted to the time series. When these are
obtained from both descending and ascending satellite images (i.e., satellite moving north to south and south to north, respectively), it is
possible to decompose the two sets of LOS movements into vertical and horizontal components. The satellite orbital geometries of all
past and current satellites with SAR instruments on board allow only the determination of the east horizontal component, while the
north component cannot be recovered (e.g., Wright, et al., 2004). The SAR instruments are commonly right-looking, in direction
perpendicular to the satellite trajectory, and downward under a relatively steep look (incident) angle from the vertical to the ground,
especially for some of the satellites. This leads to LOS measurements that are generally more sensitive to the vertical displacements than
to the east horizontal ones, so that as long as the horizontal movements do not exceed significantly the vertical movements, the LOS
movements away from or toward the satellite are often indicative of subsidence or uplift, respectively. For this reason, the LOS and
vertical deformation maps often display similar spatial patterns, although with different numerical values. In contrast, the pattern of the
east horizontal movements is completely different and is only revealed after a decomposition. Due to differences in the orbital
geometries (look and heading angles), LOS measurements from different satellites cannot be compared directly, unless the LOS of one
satellite is projected onto the LOS of the other satellite. Therefore, it is more straightforward to use the vertical and east horizontal
components that are readily comparable between satellites, and are easier to understand intuitively. On the other hand, these components
are calculated in pixels; the estimates assigned to any given pixel are derived as an average from the LOS measurements at all individual
ascending and descending scatterers in that pixel, so if data of one LOS type is missing, the pixel remains without vertical and east
estimates. That is, there is a loss of information when transitioning from LOS to vertical and east components, which is smaller in dry
areas (i.e., with dense distribution of scatterers), but could be substantial in vegetated areas where it is fairly common to identify
scatterers in a given area from only one type of LOS and not from the other type.

The SqueeSAR measurements of deformation are relative to a reference point. Whenever possible, it is best to choose a reference point
with a known movement (three-components from a GPS, or at least a vertical component from a leveling benchmark). For Heber, we
use as a reference point the benchmark that is the datum in the annual leveling surveys in the field (A-33).

2. DATA

The data used in this study are SAR images from two satellites, monthly reports of the time series of injection and production, and
reports from annual leveling surveys. The locations of the leveling benchmarks and wells are shown in Fig. 1

2.1 Satellite Data

The satellite data used in this study were acquired by two satellites, Envisat and Sentinel, covering two non-overlapping periods of time,
with a gap of 4 years. Envisat data are generally available for INSAR processing between 2003 and October 2010, but the real periods of
data availability vary from one area to another, and also, collection of images of one type of geometry (ascending in the case of Heber)
may start significantly later than the other type. At Heber, ascending data become available in December 2003, but only three scenes
were collected before August 2005. This limits the period for which decomposition into vertical and horizontal components can be
done, as both types of LOS are needed, even though the descending time series starts earlier and is longer. Also, occasionally some
scenes turn out to be unsuitable for INSAR and are dropped from the processing (six descending Envisat scenes were not included). In
view of this and some other restrictions, the primary Envisat period investigated for Heber is five years, August 2005 — August 2010.
The minimum frequency for the Envisat images is 35 days, due to the revisit time for any given location, but the interval between
consecutive scenes could be multiples of this interval, as data may not be collected during each revisit.

Sentinel data are obtained from two satellites, Sentinel-1A (launched April 2014) and Sentinel-1B (launched April 2016), and continue
to be collected. The initial revisit time of 24 days decreased with the launch of the second satellite, and starting in May 2017, it is 12
days. For Heber, Sentinel descending data are available since March 2015, and the descending data since April 2015, so we analyzed
data from a three-year period, April 2015 — April 2018.

Table 1 shows the following parameters for the two satellites: periods of available data; study period; numbers of scenes of the two
geometries, the 6 and & angles, and unit vectors (Up, East, and North). The look angle 6 is the angle between the LOS and the vertical to
the ground, and the heading angle § is the angle formed with the geographic North. These parameters are shown for the two geometries,
ascending and descending, marked with A and D, respectively. Each unit vector represents a measure of the sensitivity of the LOS
measurements in a certain direction. It is evident that the highest sensitivity is to the vertical component and there is a fairly good
sensitivity to the east horizontal component. The sensitivity to the north component is low for both satellites, precluding the detetion of
northward or southward movements.

Satellite Period Period Study # # 0, deg 6, deg Unit Unit Unit
Asc Desc period Asc | Desc vector U | vector E | vector N
Envisat Dec 2003- | Feb2003- | Aug2005- | 33 45 2092 A | 1297 A | H0.934 A | 0348 A | —0.080 A
Aug 2010 | Sep2010 | Aug2010 | (30) | (38) | 21.14D | 11.39D | +0.933D | +0.354D | —0.071D
Sentinel Apr 2015- | Mar 2015- | Apr 2015- 60 51 36.65A | 1122 A | +0.802A | 0586 A | 0.116 A
Apr 2018 Apr2018 | Apr 2018 ) 36.96 D 9.66 D | H0.799D | +0.593D | —0.101 D

Table 1. Parameters of the satellite data used in this study.
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2.2 Well Data

Time series of the monthly fluid amounts from individual production and injection wells are available from the Division of Qil, Gas,
and Geothermal Resources (DOGGR) of the California Department of Conservation (DOGGR, 2018). These data go back to 1985.
Figure 2 shows maps of ascending LOS rates (to be discussed in more detail below), on which the well locations are superimposed.
Figure 3 shows examples of monthly fluid volumes from several injection and production wells, specifically chosen in relation to the
surface deformation patterns depicted in Fig. 2.
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Figure 2. Maps showing ascending LOS deformation rates and well locations. Left: Sentinel data. Right — Envisat data. Yellow
outline — Heber KGRA. Orange triangles — production wells. Blue inverted triangles — injection wells. Black star —
benchmark used as datum in the leveling surveys and as a reference point in the INSAR processing. Yellow to red areas —
subsidence. Blue areas — uplift.
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Figure 3. Monthly fluid amounts (in kg). Left — time series for injection wells in the area showing uplift in the Envisat period.
Right: time series for production wells in the subsidence area at the center of the field. Legends show AP numbers of the
wells.
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The number of injection wells at Heber is 37. Some of these are clustered, so the maps in Figs. 1 and 2 show only 11 distinct injection
locations or clusters. The monthly injected amounts shown in the plot on the left in Fig. 3 are from the wells in the western part of the
Heber KGRA. They are located in or near an area of uplift during the Envisat period, in the northwesternmost part of the field.
However, in the Sentinel period this area is subsiding. Significant rapid increase in injection is seen for some of these wells, starting in
2005 (when Ormat took over) or later. The fluid amounts eventually increase more slowly or level out around 2011-2013.

The number of production wells since 1985 is 41, of which 29 wells were active during the Envisat and/or Sentinel periods, and three
additional wells worked only in the gap between the two periods. Because some of the wells are very close to each other, the map in Fig.
1 displays only 18 distinct locations and clusters. Eight production wells operating in 1985-1988 were later turned into injection wells
that are active during the study periods. One more well was production in the period July 1993 - May 2015, stopped for 8 months, and
then continued as an injection well since February 1916; this is the only well that switched type during one of our study periods. The
plot to the right in Fig. 3 shows fluid time series for several production wells from around the center of the field, where continued
subsidence is observed in both study periods. It is evident that the production from some of those wells was ramped up in 2008.

2.3 Data from Leveling Surveys

Geothermal operators in Imperial Valley are obligated to provide data from annual leveling surveys to the Imperial County Department
of Public Works (ICDPW), which makes them available to our project. We have been using these data for comparison with the InNSAR
measurements. The number of benchmarks changes over the years; as of 2018 there are data for 145 benchmarks. The last survey for
which we have data was performed in January 2018. The benchmark locations at and around Heber are shown in Fig. 1. Figure 4 shows
representative examples of time series from several benchmarks taken from the same areas as the wells, whose monthly fluid volumes
were shown in Fig. 3. The group of benchmarks from the center of the field indicates substantial ongoing subsidence (on the right in
Fig. 4), increasing after 2005. The other group, from the western and northwestern part of the field, show subsidence until about 2005,
then uplift after Ormat took over and injection was ramped up (as seen in Fig. 3-left), followed by leveling or resumed subsidence since
about 2010. The last data points from January 2018 appear to indicate either decreasing subsidence, leveling, or even trend reversals.
Until the next annual leveling survey is carried out, it will not be clear if this is an enduring trend. However, later in this project, we will
analyze Sentinel satellite data for the period after May 2018. At a 12-day revisit frequency, there will be a substantial number of scenes
(i.e., data points), which may indicate if there is indeed change in the deformation rates in this area.

Bencmarks in area of uplift Bencmarki in area o subsidence

-

Figure 4. Time series of deformation from leveling surveys. Left — Benchmarks in the area of uplift in the Envisat period. Right
— benchmarks in the area of maximum subsidence. Legends show benchmark names.

3. RESULTS

The following figures and tables show more detailed examples of results from our ongoing study. Table 2 shows the numbers of
ascending and descending PS and DS points in a ~450 km? extended area around Heber. Sentinel data are significantly more numerous
than the Envisat data. The data processing provides a time series for each individual scatterer. The vertical and east horizontal rates are
calculated in 100-m pixels from the ascending and descending rates within those pixels. The last column of Table 2 shows how many of
the pixels are with such decomposed values. The remaining pixels do not have estimates, because either there were no LOS
measurements in them, or there were only measurements of one LOS type (descending or ascending, but not both).

Satellite Num Asc PS/DS Num Desc PS/DS Num 100-m pixels (Vert/East)
Envisat 39,185 25,716 5.402 (of 44.460) — 12.2%
Sentinel 94,215 104.483 16.772 (of 44,460) — 37.7%

Table 2. Numbers of scatterers and pixels used in the study.




Eneva et al.

Even though the number of PS and DS points is much larger than the number of benchmarks (145), and there are many such points
where benchmarks are absent, the opposite is also observed - there are benchmarks in areas devoid of scatterers. This can be overcome
by installing corner reflectors (e.g., Garthwaite et al., 2015) at points of interest, such as where the maximum subsidence is expected.
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Figure 5. Maps of ascending (left) and descending (right) LOS rates obtained from the Sentinel (top) and Envisat (bottom)
images.



Enevaetal.

The corner reflectors would be identified in both the ascending and descending LOS, thus ensuring the capability of estimating the
vertical and east horizontal rates where it is of most interest.

Negative values are used for LOS movements away from the satellite, subsidence, and westward horizontal displacements. Positive
values are used for LOS movements toward the satellite, uplift, and eastward horizontal displacements. Figure 5 shows the PS/DS
locations, color coded according to the LOS rates of deformation (slopes of straight lines through the time series). Movements away
from the satellite, likely associated with subsidence, are marked in yellow to red colors, and are with negative rates. Blue colors
(positive values) indicate displacements toward the satellite, likely related to uplift.
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Figure 6 shows a complete set of maps of linearly interpolated values from the LOS and Vertical/East rates (the two plots on the top are
the same as those in Fig. 2, without the wells). This rendition of the data shows more clearly the major difference already gleaned from
the point measurements in Fig. 5 — compared with the Sentinel data, the Envisat data show a significant uplift to the northwest.
Otherwise, subsidence from the center of the KGRA and extending to the northeast, is seen in both periods, covering an area of size ~ 5
km x 3 km. This confirms the observations from the benchmarks in the uplift (Envisat only) and subsidence areas (Fig. 4). During the
Sentinel period, the Envisat uplift apparently turns into subsidence, extending also to the south and southeast of the previously uplifting
area. Changes are also seen in the horizontal movements (plots on the bottom). During the Envisat period, there are eastward
displacements to the west of the central subsidence area, and westward movements to the west and northwest of the uplift area. The
pattern is different in the Sentinel period — there are several transitions between eastward and westward displacements, generally
pointing toward the inner parts of the subsidence areas; i.e., the western flanks of subsidence areas tend to move eastward and the
eastern flanks tend to move westward.

Satellite Max Asc, mm/yr Max Desc, mm/yr Max Vert, mm/yr Max East, mm/yr
Envisat —44.9; +24.3 (#4.1) | —30.7: +17.4 (£2.8) —26.7; +18.8 (£3.1) | —29.6; +17.8 (x4.7)
Sentinel —44.1; +29.7 (£5.5) | —40.5;: 4.3 (£5.5) —38.1; +23.3(£5.5) | —19.9;+259 (£3.4)

Table 3. Observed maximum rates. Negative values: away from satellites, subsidence, or westward. Positive values: toward
satellite, uplift, or eastward. Standard deviations in parentheses.

Table 3 shows the maximum displacement rates measured from the two satellites. Note that these measurements are not necessarily at
the same points, and not always depict the true maximum values, as there may not be scatterers at those locations. The area of maximum
subsidence is “seen” better in the Envisat ascending LOS than the descending one. Therefore, due to lack of data, the Envisat maximum
observed descending LOS and vertical rates do not capture the maximum subsidence, and the estimates in the table are from the
periphery of the subsidence area. For this reason, the maximum ascending rates are more representative of the true maximum
subsidence, which can be assumed to be around —45 mm/year. Similarly, the maximum uplift was likely around 20-25 mm/year.

It is usually assumed that surface deformation should not be observed around binary plants, because of the almost 100%-reinjection of
the produced fluids. Our results show that this is not the case, and that both subsidence and uplift are observed at Heber that change
dynamically with changes in production and injection. The maximum subsidence rate is actually comparable with that from the Salton
Sea geothermal field (Eneva et al., 2014), where flash plants are installed. Even in that case, the reinjection is pretty high, at 82% on
average. While the observed rates of surface deformation may appear high, without such significant levels of reinjection, the
displacements would have been significantly larger. This is exemplified by the Cerro Prieto geothermal field, to the south in Mexico,
where a reinjection strategy is either absent or insufficient, and the maximum subsidence is much larger, at =170 mm/year in a recharge
area next to the field, and —110 mm/year in the producing area (Sarychikhina et al., 2011).
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Figure 7. Average time series of ascending LOS deformation from the central subsidence area. Top — Sentinel. Bottom —
Envisat.

In support of these observations, Figure 7 shows examples of time series from the two periods averaged over a small, ~ 1 km? area
within the larger subsidence area, as depicted by the ascending LOS rates. The LOS ascending rates from these averaged time series are
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similar for both periods, —18 to —20 mm/year. Furthermore, Figure 8 shows the progression of deformation along a profile that intersects
both the uplift area to the northwest seen in the Envisat period and the subsidence area present in both the Envisat and Sentinel periods.
The thickness of the profile, 2.5 km, captures more clearly the uplift and subsidence, compared with a thinner profile passing through
the maximum that would enclose very few data points. This leads to smaller cumulative subsidence and uplift, as compared with the
maximum rates. Comparing the Envisat and Sentinel periods, Fig. 8 demonstrates the absence of uplift to the northwest, as well as
continuing, but reduced subsidence at the center of the field.
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Figure 8. Progression of the ascending LOS deformation along a profile spanning the Heber geothermal field.

Another way to compare the two periods is on a pixel-to-pixel basis. Figure 9 displays the Envisat vertical rates versus the Sentinel
ones, for pixels that have measurements from both periods. In this case, the comparison is from a much smaller area, of size ~45 km?,
that encloses the Heber KGRA (i.e., without extending to El Centro to the north). In that area, 734 100-m pixels have both
measurements. If the measurements spanning both periods are similar, the points in Fig. 9 would cluster around the yellow dashed line
in the plot. We see some of this tendency in the lower left quadrant, where the pixels with subsidence in both periods are clustered.
These pixels are from the subsidence bowl in the center of the field. Still, more points are below the yellow line than above it, indicating
larger subsidence in the earlier Envisat period for the same pixels. In contrast, points above the horizontal axis are related to the pixels
with uplift in the Envisat period. Several of the points with the largest uplift in the Envisat data exhibit subsidence in the Sentinel period
(upper left quadrant). Other pixels that experienced uplift in the Envisat period, still show uplift in the Sentinel period, but at a much
lower rate (upper right quadrant); once the rates fall below +5 mm/year, they are comparable with the standard deviation (see Table 3).

4. CONCLUSIONS

The observations described here demonstrate the value of INSAR in providing a cost-effective and dense spatial and temporal coverage
for the measurement of surface deformation in geothermal fields. The scatterer-based SqueeSAR technique employed here makes it
possible to estimate surface deformation in agricultural areas that were not accessible to earlier INSAR techniques.

Using data from two satellites, Envisat and Sentinel, we observe changes in surface deformation at the Heber geothermal field,
corresponding to changes in production and injection. Subsidence at the center of the field is observed in both study periods, August
2005 — August 2010 and April 2015 — April 2018, while a significant uplift is observed to the northwest of the subsidence bowl during
the earlier period, but not in the later period. This is also confirmed by data from leveling surveys. Based on the apparent capability of
INSAR to capture the dynamics of surface deformation, we suggest that it would be very beneficial to integrate such satellite
measurements in the geothermal operation strategies.
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The results reported here are part of ongoing work that is in the process of including deformation modeling and analysis of the scarce
seismicity in the area, which nonetheless appears to be also related to changes in injection and production. In the near future, these two
elements will be integrated with the surface deformation; it is expected that their joint application will significantly contribute to
reservoir management.
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