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Abstract One important issue in the storage of large volumes of fluids, mainly water and
CO2, in the deep subsurface is to determine the resulting field-scale-induced displacements and
consequences of overpressures on the mechanical integrity of the storage reservoir and
surroundings. A quantifiable estimation of displacement can be made by combining the robust,
cost-effective, and repeatable geophysical techniques of micro-gravimetry, differential global
positioning system (DGPS), and differential synthetic aperture radar interferometry (DInSAR).
These techniques were field tested and evaluated for the first time on an active large-volume
aquifer storage and recovery (ASR) project in Pendleton, Oregon, USA, where three ASR
wells are injecting up to 1.9 million m3 year−1 into basalt aquifers to a depth of about 150 m.
Injection and recovery of water at the wells are accompanied by significant gravity anomalies
and vertical deformation of the ground surface localized to the immediate surroundings of the
injection wells as evidenced by DGPS and gravity measurements collected in 2011. At a larger
scale, and between 2011 and 2013, DInSAR monitoring of the Pendleton area shows sub-
centimetric deformation in the western part of the city and close to the injection locations
associated with ASR cycle. Deformations are found to be temporally out phased with the
injection and recovery events due to complex groundwater flow. A numerical simulation of the
effect of the water injection gives results in good agreement with the observations and
confirms the validity of the approach, which could be deployed in similar geological contexts
to look at the mechanical effects of water and gas injections.
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1 Introduction

The injection of large volumes of fluids, mainly water and CO2, in subsurface reservoirs is
increasingly performed in various applications (e.g., aquifer storage and recovery, enhanced oil
recovery, carbon sequestration) raising several concerns about the mechanical integrity of the
reservoirs themselves and their surroundings. Determining the field-scale-induced displace-
ment of fluids and the temporal and spatial deformations of the ground surface is thus a
priority. Both of these issues can be addressed by combining the reliable, large-scale and cost-
effective geophysical techniques of microgravimetry, differential global positioning system
(DGPS) and differential synthetic aperture radar interferometry (DInSAR).

The determination of the time-dependent density distribution of materials in the subsurface
potentially fulfills the above requirements for monitoring techniques to measure field-scale
displacements of reservoir fluids induced by injection of liquid or gas. Moreover, accurate
measurements of temporal ground deformations reflect the geomechanical responses and their
spatial changes. Using micro-gravimeters and a DGPS, very small gravity anomalies and
surface deformations can be mapped and tracked through time. Surface displacements of the
ground can also be measured accurately using DInSAR. Each of these methods has been
implemented on active storage fields (water, natural gas, or CO2) and recently the DInSAR
technique was successfully used at a commercial CO2 sequestration site at In Salah, Algeria,
where a surface uplift of 5 mm year−1 has been observed after injection of CO2 (Vasco et al.
2010; Morris et al. 2011). The Algerian desert represents one of the most favorable environ-
ments in which to perform such displacement measurements because the unvegetated-exposed
surface maximizes radar waves phase coherence for DInSAR analysis. Assessing such defor-
mation in vegetated terrains is challenging due to the occurrence of complex backscattering
that causes the degradation of radar wave phase coherence.

Four-dimensional (4D or time-lapse) microgravimetry—the temporal change of gravity at
the microGal scale (1 μGal=10−6 m/s2)—is a cost-effective and relatively rapid means of
observing changes in density distribution in the subsurface, particularly those caused by the
migration of fluids. Time-lapse gravity has been used since 1961 (Allis and Hunt 1986), but
substantial improvements in gravimeter technology, and the advent of highly precise GPSs,
have led to rapid growth in microgravity applications in the last 10 years. This technology has
been successfully applied in geothermal fields, volcano monitoring, petroleum production, and
reservoir characterization (Biegert et al. 2008), as well as near-surface groundwater infiltration
and migration through sedimentary units (Chapman et al. 2008; Leirião et al. 2009).

Deformation of the ground surface due to anthropogenic processes (oil and gas production,
mining, groundwater extraction) has been studied by numerous researchers over the past
several decades (Poland 1984; Gambolati et al. 2006; Galloway and Burbey 2011).
Withdrawal of groundwater causes subsurface stress changes that can mechanically deform
geologic media and produce measureable deformations and even ground failures at the surface
(Galloway and Burbey 2011). Introduction and extraction of subsurface fluids can cause three-
dimensional (3D) deformation (Burbey 2001; Burbey et al. 2006; Gambolati et al. 2006; Bell
et al. 2008), and measuring both horizontal and vertical displacements can provide important
information for understanding the effects of the injection of fluids in the subsurface.

In this study, the performances of these techniques are quantified for the first time on an
active large-volume aquifer storage and recovery (ASR) project where sufficient geological
data and a documented time series of injection exist. ASR projects, in which very large
volumes of water (up to 1.9 million m3 year−1) are injected and removed annually, are
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particularly relevant for testing field-scale gravity and surface deformation. For many sites, it is
possible to recover almost all of the injected water volume. The injection is accomplished by
one or more dual-purpose wells (both injection and extraction). Injection volumes, pressures,
and water elevations are monitored and recorded; tracers are sometimes added. Many of the
deeper aquifer sites have new wells with suites of geophysical wireline logs. More than 300
ASR sites are in operation in the USA; the largest well fields store about 9.5 million m3 of
water. Because 1 m3 of water equals one metric ton, and supercritical CO2 (scCO2) has an
average density of about 600 kg/m3, sites that inject more than 1 million m3 years−1 might
produce carbon storage scale deformation and thus can be used as proxy of the future CO2

storage projects that should come in line in the next decade. Of these 300 ASR sites, most are
in unconfined aquifers or are at very shallow depths. To be amenable to calibration of
geomechanical properties and gravity and deformation response, very large-volume projects
in confined bedrock aquifers in areas of low population or at the margins of heavily populated
areas are needed. The basalt aquifer ASR project in Pendleton, Oregon, USA, meets the
needed conditions. Results and interpretation of gravity and DGPS surveys are presented
concurrent with 20 Radarsat-2 DInSAR scenes collected between July 2011 and March 2013
over the Pendleton area.

2 The Pendleton ASR Project and Geological Context

The City of Pendleton (45.7° N, 118.8° W) is in the Umatilla River valley of northeast
Oregon, USA. Its underlying geology is quite simple; a large accumulation of Miocene
basalt lava flows, known as the Columbia River flood basalts (CRBs), covers most of the
region. Three main units can be distinguished: the Grande Ronde, the Wanapum, and the
Saddle Mountains basalts formations (Fig. 1). More than 300 individual lava flows of
variable extent have been identified to have a maximum composite thickness of 5 km
within the central portion of the Columbia Basin (Reidel et al. 1989; Reidel et al. 2002).
Fractured and vesiculated basalt flow tops and interflow zones serve as aquifers and
avenues for water transport (Fig. 1).

Since 2003, the Oregon Water Resources Department and the City of Pendleton have
installed three ASR wells into discontinuous basalt aquifers to a maximum depth of about
331 m: Byers well, Stillman well, and well 14 (Fig. 1). The Stillman well has experienced
some problems related to the presence of air in the well during injection and was not used for
water recovery, but the two other wells have operated smoothly since project initiation. Up to
1.9 million m3 years−1 of treated surface water are injected from January through June in the
permeable interflow zones located between depths 60 and 150 m. The project then recovers, or
produces, about 1.7 million m3 years−1 from June through November. Actual recovery dates
vary from year to year, depending on precipitation and demand. Since the beginning of the
ASR project in 2004, the average annual decline of static groundwater levels has dwindled to
0.46 m, less than half of what it was, 1.04 m, prior to initiation of the project (City of Pendleton
2009).

Because of the sensitive nature of storing such quantities of potable water, the Pendleton
ASR is closely monitored for chemical and biological contaminants. In contrast, the localized
physical changes associated with the injection/extraction cycle of the ASR have not been
monitored, so there are currently no data to indicate whether associated geomechanical
changes have occurred.
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3 Methodology and Processing

3.1 Differential GPS

In an effort to approach centimeter-scale accuracy in the leveling GPS survey, differential
measurements must be used. This is accomplished using two or more GPS signals obtained at
different locations. Because a GPS signal involves several sources of error, including satellite
ephemeris errors, clock errors, and atmospheric distortion effects, a Real-Time Kinematic
(RTK) technique was used for the geodetic work (US Army Corps of Engineers 2007).

The GPS and gravity stations were implemented along four profiles centered on two active
injection wells (Fig. 2): stations 3–13 near Byers well, and stations 2 and 17–30 close to well
14. Semi-permanent markers were installed, allowing for better control of data points. GPS
surveys were conducted following guidelines described by Henning (2010). Three GPS
measurements were collected at each station using a 30-s occupation time for each measure-
ment. Under these conditions GPS accuracy is expected to be better than 2 cm.

GPS measurements were acquired on 5 days in 2011: May 27, June 11, June 23,
July 25, and September 13. Elevation changes (or deformations) were calculated as
simply the difference between the elevation measured at a specific date and the one
measured at another date.

Fig. 1 A 11-km-long schematic cross section through the discontinuous basalt reservoirs system underlying
Pendleton (after CH2M-HILL 2002). Beige bodies represent potential water-producing interflow zones inter-
bedded in the massive basalt. Vertical black lines represent wells and the rectangular boxes the cased portion of
the wells. In the upper inset, the Miocene Columbia River continental flood basalts (after Reidel et al. 2002) are
represented. The City of Pendleton is indicated by a black star and the nearby Wallula CO2 storage pilot site in
basalt (McGrail et al. 2011) is indicated by a white star
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3.2 Gravity

Gravity data collected at the GPS stations (Fig. 2) were tied to the National Oceanic and
Atmospheric Administration/ National Geodetic Survey gravity benchmark, Pendleton, locat-
ed about 24 km southwest of Pendleton on Emigrant Hill in the Blue Mountain foothills.
Measurements were made with a LaCoste and Romberg Model D gravimeter, in an overlap-
ping loop pattern modeled after that of Roman (1946), whereby each station is occupied three
times with a minimum of three independent readings at each occupation.

Three gravity surveys were conducted on June 5, July 25, and September 25, 2011. The
surveys corresponded respectively to near peak storage, after 3 weeks of extraction, and near
complete extraction. Each survey was conducted during a single day and began and ended
with an occupation of a far-field base station, forming a daily loop.

3.3 DInSAR

For the Pendleton site we used 22 Radarsat-2 scenes acquired in the ultra-fine resolution mode
(U70) in the ascending direction. The scenes were obtained from the cooperative program of
the Canadian Space Agency and the German Aerospace Center. Only 20 Radarsat-2 scenes

Fig. 2 Location of DGPS and gravity stations (red dots) and water wells (blue dots). The Byers and Stillman
wells are located in the city itself and well 14 is on the western edge of the city. Stars indicate existing National
Geodetic Survey locations used as references stations (bases) for the DGPS surveys. Lettered pink dots (A-D)
correspond to areas where DINSAR time series where determined
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were selected to perform the line-of-sight (LOS) displacement study as they satisfy the
perpendicular baseline condition to be less than 200 m for each pair of scenes. The period
considered for this LOS displacement study corresponds to acquisitions starting July, 2011 and
ending in March, 2013. Data from the Radarsat-2 scenes partially overlap with GPS and
gravity data and were used to compare results obtained with those methods. DInSAR is widely
used to study large-scale deformations such as earthquakes [e.g., Madsen and Zebker (1998);
Fialko et al. (2001)].

For two or more SAR complex scenes, the DInSAR technique is used to measure surface
displacement maps between two or more scene acquisitions. These maps represent the path
variation of the emitted radar signal between the satellite and the ground (Gabriel et al. 1989).

The Small Baseline Subset (SBAS) algorithm by Berardino et al. (2002) is used to correct
for phase distortion from atmospheric water vapor and the ionospheric effects in the
backscattered radar signal. The SBAS algorithm, based on a minimum-norm criterion of the
velocity deformation, which is estimated with the singular value decomposition method
(Stewart 1993), estimates the atmospheric and ionospheric noise, and inverts the interfero-
grams to generate time series with a LOS standard deviation of less than 1 mm/year on
average. The LOS data products of the inversion are discussed in Section 4. More details about
DInSAR processing can be found in Gabriel et al. (1989), Rosen et al. (2000) and Hanssen
(2001).

4 Data

4.1 DGPS Data (Fig. 3)

Substantial DGPS-measured elevation changes outside the measurement errors were observed
during 2011. Errors in the measured elevation for individual stations varied between 0.1 and
1.6 cm. The largest errors occurred at stations 8 and 10 near Byers well where dense vegetation
and infrastructure interfered with radio communication. Rapid elevation changes occurred
across the entire survey area between June 11 and June 23, 2011. Elevation changes at
individual stations are measured relative to the base station and an additional source of error
is due to movement of the base reference. One way to address this error is to measure a far-
field location established 3 km NW of the westernmost base station. Elevation errors at this
station for a given acquisition date were 0.2 to 2.1 cm and observed elevation changes during
the entire study were −2.0 to 2.2 cm. An upper bound of ±2.2 cm error in the base station
elevation change should thus be considered in analyzing the effects of this error on the DGPS
changes at the other stations. Water injection from the ASR project occurs at spatially
separated injection locations and it is instructive to show deformations not only at the larger
scale but for the locations surrounding each of the injection wells.

4.1.1 Near-Well Deformations

Most of the largest elevation changes occurred during injection, between May 27 and June 23,
2011. For stations surrounding a given well and for time periods close to the beginning or end
of water injection it may be reasonable to expect a correlation between radial distance and
elevation change and various trends can be observed. Near Byers well, the observed elevation
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changes from May 27 to June 23, 2011 do not show a strong correlation with radial distance
except close to the well (<150 m) where deformation showed a negative slope (Fig. 3a). For
stations surrounding well 14 (Fig. 3b), elevation changes from May 27 to June 23, 2011, as a
function of radial distance and for distances less than 700 m, suggested a poor positive
correlation with an r2=0.59 and a negative slope. For radial distances more than 700 m from

Fig. 3 Time-lapse GPS for Byers well and well 14 areas for two periods of time (red and blue points). The inset
shows the corresponding stage of the water cycle for each period. a Time lapse GPS for Byers well during
injection; b Time lapse GPS for well 14 during injection
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well 14, a positive slope was observed and may have been the result of a process other than
injection at well 14. Both the correlation and magnitude of the observed elevation changes
from May 27 to June 11, 2011 are lower than for the June 11 to June 23, 2011 period and may
suggest that the differences in geology and injection rates at this well have played a significant
role.

4.1.2 Large-Scale Deformations

Observed elevation changes (Fig. 3a and 7b) were largest during the injection period from
June 11 to June 23, 2011 at well 14 and between May 27 and June 6, 2011 for Byers well; a
positive average deformation of 7.1±4.6 cm was shown for all stations, including the error
from possible base station movement. After the injection period from June 23 to September 13,
2011 (not represented), observed elevation changes for all stations showed insignificant
deformation (−0.9±1.6 cm).

4.2 Gravity Data (Fig. 4)

4.2.1 June 5 to July 25, 2011

Near Byers well, 7 of the 11 measured stations presented reduced gravity values Δg well
outside the calculated error, all of which showed a positive gravity anomaly. The average Δg
for stations above the error was 36±16 μGal. Near well 14, 9 of the 15 stations were outside
the calculated error and again, they all showed a positive gravity anomaly averaging 49±
24 μGal.

4.2.2 July 25 to September 25, 2011

Near Byers well, 9 of the 11 stations presented Δg outside the calculated error, all but three (3,
4 and 5) of which showed a negative gravity anomaly. The average Δg for the stations outside
the error was −34±21 μGal. In contrast, near well 14, all of the stations presented Δg well
outside the calculated error and all showed a negative gravity anomaly averaging −175±
22 μGal.

4.3 DInSAR Data

A coherence threshold of 0.6 is assigned for the DInSAR/SBAS analysis and the correspond-
ing time series displacement maps in order to account for surface temporal and spatial
decorrelation which causes an interferometric phase error. These errors are quantitatively
estimated with the calculation of the interferometric coherence. The temporal correlation
(i.e., coherence below 0.6) was especially weak over crop fields around the Pendleton city
where surface roughness, vegetation, and soil moisture vary frequently; but the main area of
interest, the city itself, show a strong coherence. Figure 5 shows the DInSAR time series in the
radar LOS direction at the points A, B, C respectively close to the wells Stillman, Byers and
14, and also point D located 8 km from the city. This time series were inverted using a
Radarsat-2 interferograms dataset from July, 2011 to March, 2013.
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On the Radarsat-2 DInSAR/SBAS Time Series shown in Fig. 5, the pixels temporal
evolution on reference points A and B shows a ~14 months periodic displacement with a 4
to 6 mm uplift from summer 2011 to spring 2012 and a 3 mm subsidence from spring 2012 to
fall 2012. From fall 2012 to spring 2013 no major displacement is observed in those points.
The periodic trend is observed on point C but with a much smaller amplitude variation of

Fig. 4 Time-lapse changes in gravity for the Byers well and well 14 areas for two periods of time (red and blue
points). The inset shows the corresponding stage of the water cycle for each period. a Time lapse gravity for
Byers well; b Time lapse gravity for well 14
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~2 mm from July, 2011 to March, 2013. At 8 km from the city, the time series for point D is
stable and does not show evidence of displacements within our 1 mm/year precision. The
pixels temporal evolution nearby the wells provides a valuable measure of the ground response
to the injection and recovery, but does not give insight into the extent of the deformation. Thus,
using DInSAR displacement maps, deformation patterns can be localized and measured.

Displacement maps (available on request) show similar deformation amplitude to the pixel
temporal evolution observed on points A and B, which are a ~3 mm uplift from July, 2011 to
February, 2012 and a ~4–6 mm subsidence from February, 2012 to November, 2012.

5 Discussion

DInSAR/SBAS monitoring of the Pendleton area suggests the occurrence of sub-centimetric
deformations in Pendleton city away from the three injection/recovery wells. The displacement
analysis using the 2011–2013 Radarsat-2 scenes are used here for our displacements assess-
ment baseline as it has the adequate temporal and spatial coverage that is not reproduced in the
DGPS and gravity data acquisitions. Although not collected synchronously to the satellite data,
DGPS and gravity could be compared to the measured DInSAR LOS measured displacements.

Fig. 5 DInSAR/SBAS elevation change LOS time series and fitting function over points a, b, c and d located on
Fig. 2. Periods of water injection are shown
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Even though 2 years of observations are not enough to assess the full periodicity of ground
deformations, our LOS displacements suggest that amplitudes of ground deformations in
response to injections and recoveries are not evenly distributed along the Pendleton city.
Point A and B show a ~6 mm maximum displacement while point C shows less than 2 mm
displacement over the same time period. Moreover the observed period of LOS displacements
is relatively out-of-phase by a few months from the injection and recovery events. This could
be due to the duration of the injection and recovery events, the volume of the injected water as
well as complex groundwater flow occurring in the aquifer and that goes beyond the reach of
this study. Finally we observe that after each injection and recovery cycle points A and B do
not return to the same level they were in the beginning of the cycle suggesting that some of the
deformations induced by the injection and recovery can have an accumulative effect on the
ground elevation and correspond to water stored.

In contrast, DGPS field data showed a small positive but significant signal near both
injection wells that fits closely with the timeline of injection ―the June 25 survey was
conducted near the end of injection period and the July survey was conducted shortly after
extraction began. This appears to be at odds with the negative signals that are evident between
July and September, but in fact matches the injection and extraction records. Byers well is
approximately 1.3 km from Stillman well, which is also an injection point in the Pendleton
ASR. Due to air entrainment, Stillman well has not been suitable for use as an extraction well,
so the water near Byers well is not extracted nearly as quickly as it is injected. In contrast,
Pendleton City records indicate that more water is extracted annually from well 14 than is
injected. It has to be noted that no tectonic activity or any man made subsurface activity have
been recorded in the area during the 2 years of observations.

Let’s try now to interpret these deformations in terms in change of stress at depth. For a
linear elastic material, a change in stress or pressure leads to a proportional change in strain or
the volume of the material. Water pressure changes within a confined aquifer impart stress
changes on both the fluid itself and the geologic formation. The total stress is due to the
overlying rock/soil and water and is supported by both the fluid and the geologic material. The
portion supported by the geologic material is called the effective stress (Terzaghi 1925). Stress
changes can induce volumetric changes by compressing both the water and solid materials or
by rearranging the granular porous matrix. If the changes in the total stress are assumed to be
negligible, the effective stress is the negative of the change in fluid pressure. If this is the case,
an increase in hydraulic head (that might occur during injection of water), would decrease the
effective stress acting on the geologic formation. For stress acting only in the vertical direction,
the effect would be to cause an increase in the elevation at the surface and this is what was
observed in the DGPS signal. Various methods exist for analyzing subsidence due to ground-
water withdrawal. Two commonly used approaches are based on conventional groundwater
flow (Jacob 1940; Jacob 1950) and linear poroeleasticity (Biot 1941).

In our study, the ground surface deformation due to the injection and withdrawal of water
was modeled using the STOMP simulator (White and Oostrom 2006) for modeling subsurface
flow of water and RIEM, a rigid body-spring method (Kawai 1978; Fang et al. 1998) for
modelling the deformation. The simulation was based on the following parameters and
assumptions: the 3D model is 100,000 m wide by 100,000 m long and 335 m thick (Fig. 6);
there is no flux boundary condition on the sides (tens of kilometers away from the wells); the
majority of the model is impermeable basalt with interflow permeable zones in which water is
injected and Byers well, Stillman well, and well 14 were represented using a vertical string of
high permeability zone with area of 0.04 m2. The equivalent total screened interval was
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assumed to be 30 (cumulative thickness of permeable layers). Three zones of hydraulic
conductivity were estimated based on the water table and injection rate: K=259 m/day for
the zone surrounding Byers well, K=61 m/day for well 14, and K=244 m/day for Stillman
well. These values are consistent with the hydraulic conductivity values deduced from the
ASR hydrologic feasibility study conducted in 2002 (CH2M-HILL 2002). The saturation
function used the Brooks Corey formulation (Brooks and Corey 1966), and actual injection
rates at the three wells were used. To test the validity of the modeling, the resulting water levels
were satisfactory compared with field measurements at the three wells for 2011. During the
injection period, the surface experienced uplift, highest near the well, lower farther away from
the well. The GPS measurements (Fig. 3) indicated that deformation changes at well 14 are of
the same order of magnitude as the ones observed at Byers well, but the change in water level
in the wells and thus pressure are slightly different, suggesting the rock at well 14 has a lower
Young’s modulus. Similarly, for Stillman well the rock formation should be the stiffest because
it experiences the largest pressure change. To explain the GPS measurements, the Young’s
modulus in the impermeable zones surrounding well 14, Stillman and Byers wells were
assumed to be 1.7, 7.5, and 2.5 GPa, respectively. The Young’s moduli in the permeable
zones were chosen to be 30 times less than those of the impermeable zones. The corresponding
results are presented in Fig. 6 which shows contours of the modeled deformation around the
three wells on May 27, July 25, and September 13, 2011 corresponding to dates where GPS
measurements were collected. The model qualitatively captures the behaviors observed in the
field which is a larger displacement difference at well 14 and Byers well than at the places in
between due to subsidence at those locations caused by pumping. However, the linear elastic
model cannot explain the shift in time between the ASR events and the maximum of anomalies
observed on DinSAR data (Fig. 5). The flow interiors consists of basalt that contains numerous

Fig. 6 Geometry of the mechanical model and modeled vertical displacement in a May, b Mid July, and c
September 2011
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cooling joints formed as the lava solidified. Studies (Lindberg 1989) found that these joints
are 77 to 99 % filled with secondary minerals, such as clay, zeolite, etc. Precipitation in June
could put water in contact with joints in basalt, which can cause clay expansion. The rock
can also undergo unrecoverable plastic deformations when a load level greater than any
historical load is reached (Lubliner 1990). Clay expansion together with the irreversible
plastic deformation in rock might explain the long wavelength out of phase effect observed
on DInSAR data.

How do all the deformation observations compare with the gravity observations? We have
observed that the variations with time close to the two injection wells are important and above
the error bars in both elevation and gravity, especially between June 5 and July 25, 2011.
Gravity and elevation variations are not anti-correlated, rather they appear to be correlated and
thus gravity changes cannot be explained only by elevation changes (free air gravity anomaly).
For well 14 (Fig. 4b), one should note the good correlation of the gravity anomalies observed
for both periods of time. The effects of the nearby river, the associated water table, and their
variations in level with time were computed using a 3D numerical modeling method (ENcom
Model Vision™) and can be considered negligible. In another hand, injection of water in a
confined aquifer is not accompanied by any gravity anomaly so we have to find another
explanation and look at the effect of injection in the unsaturated zone. When an unconfined
system is infiltrated by a mass of water at a single location, a Bbubble^ or Bmound^ of water
forms within the host medium with maximum vertical thickness at the center of the infiltration
location (Hantush 1967). However, in the case of Pendleton’s basalt aquifer system the
thickness of an injected Bbubble^ of water is limited to that of the porous interflow zone into
which it is injected. Because of this, injected water is more correctly described as a disc of
roughly constant thickness that extends away from the injection site. For a first order analysis,
this disc could be treated as an infinite slab. The thickness h of an infinite slab can be simply
expressed as

h ¼ Δg

2πGΔρ
ð1Þ

where Δg is the gravity anomaly, G the gravitational constant and Δρ the change in density.
Interflow zone porosity has been estimated to be 15 % (CH2M-HILL 2002). If void pore space
is replaced with water (ρ=1000 kg.m−3), then Δρ=150 kg.m−3. Using these parameters and
the observed Byers well Δg of 30–45 μGal, 5 to 7 m of unsaturated interflow zone would
explain the observed Δg.

In the case of deeper interflow zones, the injection is not filling void space, but rather
pushing native groundwater out of the way to accommodate injected water, resulting in
no net difference in density, Δρ. However, water levels in the wellbores increase during
injection, which could in turn make Bdry^ interflow zones into injection targets. At Byers
well, the Δg of −40 μGal observed between July and September 2011 could easily be
explained by the Bdrying out^ of an interflow zone that was saturated during the injection
cycle.

At well 14, the ~50 μGalΔg between June and July 2011 is also characteristic of a 5- to 8-
m Bdry^ interflow zone becoming saturated by injection. TheΔg between July and September,
however, suggests 24 to 32 m of saturated interflow zone becoming dry, which is unlikely to
be explained by the ASR alone. Beginning approximately in May, the water level in well 14
began a gradual decline, despite the fact that water was being injected, a trend that was not
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observed at either the Byers or Stillman wells. One possible explanation for this decline is
agricultural water use.

6 Conclusion

Injection of water at the three wells of the Pendleton ASR project in 2011 and its recovery at
two of them are accompanied by significant gravity anomalies and surface deformations of the
ground localized to the immediate surroundings of the injection wells as evidenced by GPS
and gravity field measurements. GPS field surveys are essential to constrain the maximum
amplitude and the wavelength of the deformation and thus give valuable insight into the
mechanical properties of the reservoir and overburden. The gravity signal in this particular
context gives additional insight into the repartition of water masses in the unconfined zones.
Providing the number of scenes collected is sufficient, DInSAR could allow mapping the
spatial extent of the deformation. A numerical simulation of the effect of the water injection
and pumping based on hydrological data and mechanical properties of the lithological column
gives results in good agreement with the observations and confirm the applicability of the
approach that could be deployed with better confidence in similar geological contexts to look
at the mechanical effects of fluid injections (water or gas).

Despite the positive and very encouraging results obtained with this first study, a good
lesson learned is that a more careful protocol of field data acquisition should be designed. In
particular, the survey dates need to be carefully defined based on the anticipated water cycle
and one GPS permanent station should be deployed for at least 2 years covering two complete
ASR cycles and if possible prior to any cycle in order to get good baseline data. Both GPS and
gravity surveys should also extend over 2 years and comprise points outside the area
concerned by the water injection in order to better define the background noise (seasonal
variations in particular). If for financial or operational reasons, not all the field methods can be
deployed, DGPS survey and permanent GPS station should be preferred to gravity which
remain difficult to operate. Gravity should be limited to the case where knowing where the
water goes is of primary importance compared to the ground deformations assessment. It
should also be noted that the lack of SAR scenes with enough time and spatial resolution
remains a substantial challenge to accurately detecting and monitoring ground deformation for
ASR projects and CO2 storage sites. Future SAR missions with interferometric capability will
hopefully fill this gap.
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