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ABSTRACT

Ground surface deformations detected with Interferometric Synthetic Aperture Radar (InSAR) provide valuable information for
inferring subsurface reservoir processes that are difficult to observe directly. This study aims at building a reservoir model that honors
the available geological, hydrological and geo-mechanical data and also produces ground surface deformation consistent with InNSAR
measurements. In our coupled thermo-hydro-mechanical (THM) model, the reservoir deforms as a result of the rock’s poroelastic
response to changes in hydrologic pressure and thermal expansion/contraction. The computations are performed using a massively
parallel multi-physics code (GEOS) at the scale of the geothermal field. At Raft River, the results indicate that the observed deformation
cannot be caused solely by pressure changes in the deep production reservoir, and that pressure increase in a shallower reservoir that
accommodates the injected fluid (likely in the Salt Lake Formation) must be involved. The rising pressure in the shallow reservoir
generates strong uplift at ground surface. The combination of this uplift with surface subsidence around the production wells creates a
complex pattern of surface deformation in which the center of subtle subsidence significantly deviates from the location of the
production wells. The net pressure in the shallow reservoir may gradually diffuse into the moderately permeable layer underneath,
resulting in additional slow deformation. Therefore, the surface deformation captured by InSAR represents a combination of multiple
mechanisms acting over different time scales. A parametric study suggests that the Bridge Fault Zone is likely a barrier, impeding
laterally flow cross the fault, although the fault could serve as a fast flow path along the strike direction. The surface deformation data
appear to be insensitive to the presence of the Narrows Structure (i.e., a poorly defined northeast-southwest trending structure within the
deep geothermal reservoir), since removing the Narrows Structure from the model does not substantially change the modeled
deformation pattern at the surface. A flow barrier likely exists to the east of the site, where the surface uplift forms a band striking from
north to south. This case study demonstrates the utility of a forward model that honors available known information and THM coupled
processes in understanding geothermal reservoir characteristics.

1. INTRODUCTION

The production of hot water from and the injection of cold water into a geothermal reservoir involve many thermal, hydrological,
mechanical, and chemical processes. Monitoring and understanding these subsurface processes and their relationships could
substantially benefit the development and operation of geothermal reservoirs. However, these processes are challenging and costly to
quantify because of the great depths of geothermal reservoirs, the limited access to the depths (through wells), and the hostile
environment to sensors (high pressure and high temperature). The measurement of ground surface deformation above the reservoir,
particularly using Interferometric Synthetic Aperture Radar (InSAR), provides a promising means to infer subsurface processes through
their ground manifestations (e.g. surface subsidence or uplift, as well as lateral movements). InSAR quantifies the ground deformation
that occurs between the acquisition times of two radar images by computing the difference in the round-trip travel times of microwaves
propagating from the sensor aboard a satellite to the ground (e.g., Massonnet and Feigl, 1998). Because of the broad spatial coverage,
fine sensitivity (millimeter-level), and relatively low cost, this technique has received increasing utilization in geothermal fields (Ali et
al., 2016a, b; Sarychikina et al., 2011; Oppliger et al., 2005; Vasco et al., 2002; Fialko and Simons, 2000; Massonnet et al., 1997).
Comprehensive reviews of InSAR applications and advancements can be found in the literature (Burgmann et al., 2000; Prati et al.,
2010; Hooper et al., 2012; Caduff et al. 2015). Currently, the advent of a new generation of commercial SAR satellites with tightly
constrained orbits, rapidly repeating acquisitions, improved processing algorithms, and low-cost or free data (e.g., the Sentinel-1
mission operated by the European Space Agency), will greatly improve the availability and potential use of SAR data for monitoring
geothermal fields.
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The inference of subsurface features via InNSAR data analysis is typically accomplished through inverse analyses based on analytical
continuum mechanics models or fully numerical models. Commonly used analytical models include inflation of a spherical source
(Mogi, 1958), a planar dislocation source (Okada, 1985), and a penny-shaped crack (Fialko and Simons, 2000) in elastic half-space.
Analytic models are useful for inversion codes, which seek to minimize the difference between observations and synthetics and usually
assume some sort of regularization. While these efforts generally match the observed signal, these methods provide little understanding
of the fundamental physical processes other than approximate constraints on depth and lateral extent. Nor can they incorporate the
complex geological, hydrological, and geo-mechanical data available. Therefore, inversion based on analytical methods do not reveal
complex reservoir structure or processes (Oppliger et al., 2005). Numerical methods are capable of matching subsurface conditions in
more detail (e.g. Ali et al., 2016a), but little work has been conducted using multi-physics models that match a full suite of subsurface
processes such as fluid flow, heat transfer, and effective stress changes.

This study aims at developing a forward model for the Raft River geothermal field to reveal subsurface geothermal processes that yield
surface deformation consistent with InSAR observations. We recognize two challenges for such modeling. First, a complete description
of a subsurface reservoir is generally unavailable. Even though many geophysical techniques such as 3D magnetotelluric surveying
(Maris et al., 2012; Newman et al., 2008), 3D vertical seismic profiling (Newman and Petrov, 2016; Queen et al., 2016), and surface
seismic reflection (Casteel et al., 2016; Queen et al., 2016) have been developed and advanced in recent years, data for a given field,
such as the Raft River field, are still limited compared with the required information for constraining a high fidelity subsurface model.
Second, geothermal reservoir deformation could result from tightly-coupled subsurface processes that include thermal
contraction/expansion (thermo-mechanical), rock dilation/compression due to hydraulic pressure change (hydro-mechanical), chemical
precipitation/dissolution (chemical-mechanical), or even fault motion. Proper differentiation of these mechanisms is necessary to build a
model that yields the observed deformation for the correct reasons. To overcome these challenges, we adopt a data-driven and process-
oriented approach by: (1) collecting and integrating a wide variety of available data for the field, (2) identifying the main mechanisms
governing the observed deformation, (3) employing a physics-based thermo-hydro-mechanical (THM) fully coupled numerical model,
(4) determining otherwise unconstrained model parameters based on an investigation of the effects of these parameters and the
associated processes, and (5) finally reducing the uncertainties in the resultant model by performing a sensitivity analysis. These aspects
of the work are described in the subsequent sections.

2. BACKGROUND OF THE RAFT RIVER GEOTHERMAL FIELD

The Raft River geothermal site is located in the Raft River Valley in southeastern Idaho, 100 miles northwest of Salt Lake City, UT. It
was designated a Known Geothermal Resource Area in 1971 and operated as a geothermal demonstration plant from late 1981 to June
1982 (Covington, 1980). Afterwards, no production was carried out at the site until US Geothermal Inc. acquired it in 2002. After
upgrading existing wells and drilling new wells, a binary 13 MW plant has been in operation since January 2008, extracting roughly 300
kg/s total fluid at bottom-hole temperatures ranging from 133 °C to 149 °C (Ayling et al., 2011).

The primary geothermal reservoir at the site resides in the approximately 150 m thick layer of Elba Quartzite in the Precambrian
basement underlying the Raft River basin (Dolenc et al., 1981). The top 300 m of the basin defines the Raft River Formation, composed
of inter-fingering, lenticular, fluvial, alluvial and loess sediments. Below the Raft River Formation underlies the Salt Lake Formation
with an average thickness of about 1200 m, consisting of Miocene-Pliocene lacustrine deposits, and volcanic tuffs and flows. Siltstone
and sandstone of the Salt Lake Formation have been deformed by numerous high angle micro-faults and bedding convolutions. The
basement contact of the Salt Lake Formation gently dips to the east and has been inferred to be a detachment surface (Williams et al.,
1982). Geo-mechanical data at the site are sparse. Mechanical tests on samples extracted from the base of the Tertiary deposits in the
Salt Lake Formation suggest that the Young’s modulus of the samples ranges from 12 to 19 GPa and the Poisson’s ratio is
approximately 0.15 (Jones et al., 2011).

The geothermal reservoir is considered to be fault-controlled, as shown in Figure 1. The Bridge Fault Zone is a north-south striking
normal fault west of the production wells. This fault steeply dips from the ground surface and flattens at the basement-sediment contact.
Gravity and magnetic survey data suggest that the Bridge Fault terminates against another major structure, the Narrows Zone (also
termed as the Narrows Structure), a poorly defined northeast-southwest trending structure within the Precambrian rocks (Bradford et al.,
2013). The deep upflow zone of the geothermal system is speculated to be controlled by the intersection of the Bridge Fault with the
Narrows Structure (Williams et al., 1976; Mabey et al., 1978; Dolenc et al., 1981). The Narrows Structure has been interpreted to be a
basement shear (Mabey et al. 1979), and it appears as an important structural discontinuity that divides the geothermal system into two
major compartments (Bradford et al., 2013) as corroborated by geochemical investigations (Ayling and Moore, 2013; Ayling et al.,
2011). Wells drilled northwest of the Narrows Structure produce lower salinity waters from the Precambrian rocks than do wells to the
southeast. This indicates that the Narrows Structure represents a flow barrier (Ayling and Moore, 2013; Ayling et al., 2011).

In the original plan, production was from the deep aquifer at the depth of approximately 1100-1500 m (Dolenc et al., 1981) via four
production wells (i.e., RRG-1, -2, -3, -5), whereas injection was into the intermediate aquifer at the depth of approximately 500-700 m
(Dolenc et al., 1981) with three injection wells (i.e., RRG-4, -6, -7) to avoid temperature drawdown of the deeper hydrothermal resource
(Covington, 1980; Dolenc et al., 1981; Millar, 1979). Since U.S. Geothermal acquired the lease, the deep wells were deepened or
sidetracked and two additional wells were drilled. As shown in Figure 1, the site currently operates four production wells (RRG-1, -2, -4,
-7), all of which penetrate the Cenozoic sediments and reach Precambrian basement at approximately 1400 m depth on the northwest
side of the field, and approximately 1750 m depth on the southeast side of the field (Ayling and Moore, 2013). Wells RRG-3, -6 and -11
inject recycled brine at about 62.2°C (Millar, 1979). The injection wells have long open-hole sections in the Tertiary sedimentary
deposits within the Salt Lake Formation, whereas the production wells are cased in this depth interval. Logging in RRG-6 (uncased from
the depth of 515 m to its total depth of 1185 m) indicates that a significant fraction of the injected fluids leaves the borehole
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immediately below the casing (Ahmed et al., 1979; Spencer, 1979). This implies the presence of a major thief zone, which is seen in
nearly all the deep wells (Ahmed et al., 1979; Spencer, 1979).

@ Production well
@ Injection well

Figure 1: Location, well layout, and important known geologic features of the Raft River geothermal site. Current production
wells are denoted by red dots and injection wells by blue dots.

3. INSAR DATA AND KEY SURFACE DEFORMATION FEATURES

Following earlier studies by Aly and Brawner (2014) and Ali et al. (2016), we analyze data from six interferometric pairs developed
from the SAR images (Envisat, C-band, ascending) spanning the time interval between 2007 and 2010 at the Raft River site collected by
the Envisat mission (McLeod et al., 2008). This is a subset of data analyzed by Ali et al. (2016b). All the interferometric pairs use the
image acquired on March 11, 2007 as the reference (or “master”) image. This image is the last one available before geothermal
production began. A pair of SAR images forms an interferogram that maps the change in phase during the time interval between the two
acquisition dates. Originally expressed in terms of phase change, the interferogram is converted into a map of the change in range, i.e.,
the vector displacement field projected along the “line of sight” between the radar sensor aboard the satellite and the pixel on the ground
by a procedure known as “unwrapping”. The topographic contribution in the interferograms is removed using a digital elevation model
with 1 arc-second posting from the Shuttle Radar Topographic Mission (Farr et al., 2007). Unwrapping is performed using the
“statistical-cost, network-flow phase-unwrapping algorithm” developed by Chen and Zebker (2001). As the incidence angle for Envisat
is approximately 23° from vertical, the range change is predominantly sensitive to the vertical component of the displacement field.
Since it is not possible to uniquely distinguish between the vertical and horizontal components of displacement vector field using this
dataset, a fair comparison would require projecting the simulated ground deformation vector onto the line-of-sight direction. However,
we directly compare the overall pattern of the unwrapped range change towards the satellite with the simulated vertical surface
deformation pattern in this preliminary study. This discrepancy should not affect the interpretation of the subsurface processes
underlying the observed ground deformation pattern, and will be resolved in the next phase of this work.

The upper row of Figure 4 shows a strong uplift signal over an area approximately centered at the injection wells, whereas subtle
subsidence is observed to the west of the production wells. The transition zone separating the uplifting and subsiding areas appears to be
associated with the Bridge Fault. These signatures consistently appear in all the interferometric pairs from Envisat. Both the uplift and
subsidence are transient, as found previously by Ali et al. (2016), using the same SAR data. The magnitudes of uplift and subsidence
each increased in absolute value during the first two years of the geothermal production. Subsequently, the surface deformation
remained largely unchanged during the next six years (Ali et al. 2016).

4. A THM COUPLED MODEL
4.1 Modeling methodology

As discussed above, mechanical deformation of reservoir rocks and overlaying rocks can be caused by thermo-mechanical (TM), hydro-
mechanical (HM), and chemico-mechanical (CM) processes. In this study, we only consider coupled thermo-hydro-mechanical (THM)
processes and ignore any potential chemical aspects for the following reasons. First, the surface deformation observed in the InNSAR data
window is most likely dominated by hydro-mechanical coupling because the uplift near the injection wells leveled off two years after
the commencement of the production. As fluid circulation has continued since early 2008, the manifestations of TM and CM processes
would have had also continued in a more or less monotonic fashion. The hydrological processes, on the other hand, are expected to
reach a steady or pseudo-steady state in a relatively short period. Second, there are not plausible chemical reactions that can achieve the
observed magnitude of surface deformation. The volume increase within a radius of 3 km around the injection wells in the first two
years of production is approximately (mean upheave times the area) to be one million m® and the total circulation volume in the same
time window is approximately 20 million m®. Assuming the mean density of the precipitated mineral to be 2.7 g/cm?, 135 grams of
minerals would have to be precipitated per liter of injected fluid. The chemical compositions of the produced fluid at Raft River
published by Ayling and Moore (2013) do not support such a hypothesis.
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We construct a numerical model using GEOS, a high performance computing (HPC) platform developed at the Lawrence Livermore
National Laboratory (LLNL) (Settgast et al., 2016), to simulate the coupled THM processes at the Raft River site. We idealize the rock
matrix as a poroelastic medium subjected to single-phase fluid (i.e. water) flow. The reservoir deforms as a result of poroelastic effects
driven by pore pressure change and thermal expansion/contraction. The essential processes/mechanisms involved include: (1) Fluid flow
in multiple rock formations with distinct permeabilities; (2) convective heat transfer associated with the fluid flow through rock matrix,
conductive heat transfer in the rock matrix, and heat exchange between the flowing fluid and the surrounding rock body; (3) the change
of effective stress caused by the non-uniform cooling of the rock body and change of pore water pressure; and (4) the deformation of the
rock matrix as the effective stress changes. The first two processes are simulated by a combined flow and heat transfer solver while the
other two processes are simulated through a solid mechanics solver. We use an implicit time integration scheme in the flow solver, and
the time step size is adaptively adjusted. Generally, small time steps are required in the beginning of the heat production due to the high
degree of transience of the system. As the system evolves into a semi-steady state, relatively long time steps suffice. In each time step,
the two solvers alternate. The fields of temperature and fluid pressure from the flow and heat solver are used in the solid solver for
computing the deformation of the rock matrix.

The flow and heat transfer solver combines fluid flow and heat transfer in rock matrix. We use a finite volume formulation to solve the
independent state variables, namely fluid pressure P and temperature 7, for 3D 8-node hexahedral elements. The coupled single-phase
flow and heat transfer in porous medium are governed by the principle of mass and energy conservation. The mass conservation
equation for compressible fluid is:

%fﬂﬂ-v‘(pv):[' (1)

where p is the fluid density; ¢ is the rock porosity; ¢ is time; v is the fluid velocity vector; and /" is a source/sink term. According to
Darcy’s law, fluid velocity vector v is calculated as:
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where Kk is the intrinsic permeability tensor of the rock matrix; x is the fluid dynamic viscosity; and g is the gravity acceleration vector.
The current study assumes the permeability of rock matrix to be isotropic, so the permeability tensor reduces to the permeability scalar .
Substituting Equation (2) into Equation (1) yields
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Fluid density p depends on fluid pressure and temperature, as approximated by the following analytical function
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where p,, P,, T,, B and oy are the fluid density, pressure, temperature, fluid compressibility, and fluid thermal expansion coefficient,
respectively, in a known reference state.

The governing equation describing the energy balance over the fluid phase and the solid phase in a porous medium is
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where C;is the specific heat capacity of the fluid; p; is the rock solid density; C; is the specific heat capacity of the rock solid; K,,, is the
thermal conductivity of the rock matrix; and Q is a source/sink term of heat.

Once the flow solver obtains the pore pressure and temperature fields, they are used in the poroelastic solid mechanics solver as known
boundary conditions to solve for the displacement field. Because the pore compressibility used in the flow solver for each formation is
consistent with bulk modulus and porosity of the same formation in the solid solver, the effects of the porosity change resulting from the
solid deformation on the flow field are handled consistently between the two solvers, eliminating the need for iterative coupling between
the solvers within each time step.

4.2 Model set-up

Figure 2 illustrates the conceptual model of the Raft River geothermal system used in the current study, composed of six horizontal
strata of various thicknesses determined based on data in the literature. The elevation at the ground surface is about 1500 m above the
mean sea level. Depths referred to by the current work are all from the ground surface. We simplify the actual geological profile by
leveling the strata, as the strata only gently deviate from the horizontal direction and detailed terrain have only secondary effects on the
resultant ground deformation. Figure 3 shows the FEM mesh used in the simulation, in the WGS 84/UTM Zone 12T coordinate system.
The mesh covers an area of 25 km by 25 km up to a depth of 2 km. It consists of 594,000 hexahedral elements with element dimensions
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ranging from 100 m to 200 m. Despite the relative coarseness, the mesh resolution is sufficient to capture the primary length scale of
concerned processes as the area affected by the deformation span several kilometers.

Table 1 lists the model parameters used in the baseline case. The permeability of the injection reservoir and the geothermal reservoir is
based on available flow testing data documented in the literature (Ahmed et al., 1979; Glaspey et al., 2008). Other parameters are
chosen from typical ranges of different types of deposits or rocks, with the Young’s modulus values adjusted through preliminary runs
to match the magnitude of the simulated ground surface deformation. In the baseline case, we model the Bridge Fault and the Narrows
Structure as impervious barriers of flow, and therefore an extremely low permeability is assigned to cells representing these features.
The initial temperature field in the ground is set in such way that the temperature in geothermal and injection reservoirs is 145 °C and
100 °C, respectively, and linearly varies with depth elsewhere. Initial hydrostatic condition is assumed, consistent with available well
logs (Glaspey et al., 2008). The production wells and injection wells are present in the numerical model as boundary conditions; the four
production wells each serves as a sink with a flow rate of 0.075 m?/s, and the three injection wells each serves as a source with flow rate
of 0.1 m?/s at temperature 65 °C. Along the four lateral sides of the model, pressure and temperature boundary conditions consistent
with the initial conditions at the corresponding depths are enforced. The bottom of the model is assumed to be impermeable.

Injection well Production well
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Figure 2. Schematic illustration of a conceptual model of the Raft River geothermal system. The elevation axis only provides a
rough reference scale and the figure is not to scale in the horizontal direction.
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Figure 3. The finite element mesh of the site. The red and blue lines illustrate the production and injection wells, respectively.
The model uses the WGS 84/UTM Zone 12T coordinate system.

Table 1. Model parameters used in the baseline case
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Thickness  Permeability Young’s modulus Pore compress.

Layer (m) (mD) Porosity (GPa) Poisson’s ratio (10° Pa™)

Raft River Formation 500 107 0.05 10 0.2 3.42

Injection reservoir 300 470 0.15 3 0.2 3.40

Salt Lake Formation 600 1 0.1 8 0.2 2.03

Cap rock 100 10° 0.05 30 0.2 1.14

Geothermal reservoir 100 400 0.15 5 0.2 2.04

Precambrian basement 400 10° 0.05 30 0.2 1.14
5. RESULTS

5.1 The baseline simulation

The lower row of Figure 4 presents the spatial distribution of the vertical ground deformation generated from the numerical model on
four dates in comparison with the corresponding InSAR data in the lower row. Note that the InSAR data use the satellite image on
March 11, 2007 as the baseline whereas we assume fluid circulation started on January 1, 2008 and continued without interruption. A
negative displacement means subsidence (i.e. cold color in the scale bar) and a positive value means uplift (i.e. hot color). The
simulation results agree with the InSAR observations in terms of the magnitude and general spatial pattern of the ground deformations.
As suggested by the numerical results, the ground deformations become noticeable in the order of centimeters after two months of
production, forming two circular features, i.e. a subsiding bowl and a heaving dome. The dome is approximately centered at the three
injection wells (marked as blue squares), whereas the subsiding area is in the northwest of the production wells (marked as pink squares).
As the production continues, the two circular features expand spatially with intensified color, since the subsurface goethermal operation
causes greater deformation in a wider area as time goes. As shown in Figs. 4c and 4d, the area of subsidence nearly saturates in size
after approximately two years of plant operation, and similar patterns are also noted in InSAR observation (Figs. 4g and 4h). The uplift
spreads more widely along the east-west direction in the simulation than that in the observation. This discrepancy suggests that there
could be flow barriers to the east and west of the wells that constraining the flow field. This hypothesis can be tested using the same
model.

Figure 5 shows the simulated vertical ground deformation over time at two locations (i.e. points A and B marked with stars in Fig. 4h).
The InSAR data at the same locations are superimposed in the same figure for comparison. As a result of pore pressure increase due to
injection, the simulated uplift at point A increases very rapidly during the first two years of production and reaches a peak of 125 mm
after about 7.5 years of operation. Afterwards, the uplift declines slightly, since the pressure-induced volumetric expansion reaches a
steady state while the thermal-contraction effect starts to dominate the deformation. In contrast, the ground at point B settles over time
due to reduced pore pressure where the production wells locate. The subsidence started to decrease after one year of operation, because
the ground heaving area expands laterally and intervenes the subsiding area. This intervention also shifts the uplifting area toward
northwest of the production wells. The insert shows a good agreement between the InSAR measurement and the simulation in a short
period in which InSAR data are available.
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Figure 4. Maps of ground surface displacement showing the evolution of ground deformation over time. The upper row shows
the InSAR observations. The lower row shows model prediction of vertical deformation. The longitude and latitude of the
bottom left corner of the frame are (N42°1'13.2"", W113°28'33.7"). The InSAR images use the SAR image on March 11, 2007 as
the reference epoch, whereas fluid circulation and therefore ground deformation is assumed to start on January 1, 2008.
Upward displacement is reckoned positive.

5.2 Contribution to the total deformations from individual layers

The injection reservoir (500-800 m from the ground surface) and the Salt Lake Formation (800-1400 m from the ground surface) are the
two main layers that contribute to the ground heave. The pressure rapidly builds up in the shallow reservoir due to injection and causes
rapid deformation in the ground. The net pressure gradually diffuses towards the Salt Lake Formation, resulting in subsequent
deformation. The surface deformation is the combination of these two processes at different time scales. To investigate their respective
contributions, we conducted additional simulations by setting Biot coefficients in layers other than the layer being considered to zero so
that we can isolate the contribution of each layer to the total deformation. Figure 5 shows the ground uplift over time at point A (as
shown in Fig 4h) contributed by the injection reservoir and by the Salt Lake Formation separately. The pore pressure in the injection
reservoir increases in a rapid response to injection. However, the pore pressure increase at a lower rate in the Salt Lake Formation since
this layer sees the front of pore pressure change later after the pore pressure diffuses from the injection reservoir. Interestingly, the
deformation contributed by the injection reservoir saturates earlier (at about 1 year) than that by Salt Lake Formation (at about 4 years)
because of various time scale of pressure change in different layers.
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Figure 5. The vertical ground deformations over time at two locations (marked in Fig. 4h) according to the numerical simulation
and InSAR measurement. The insert shows the same data in a shorter period.
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Figure 6. The contributions of individual layers to the uplift at point A (marked in Fig. 4h)

5.3 The role of the faults

Subsurface geological discontinuities are often poorly-defined with limited information about their effects on flows. Although we have
assumed that the Bridge fault and the Narrows Structure both act as flow barriers in the baseline simulation, a faulted zone can actually
function as either a barrier or a high-permeability channel for flow. It is noteworthy that the Narrows Structure was somewhat vaguely
inferred from geochemistry studies (Ayling & Moore 2013; Ayling et al. 2011) and hydraulic fracturing responses (Keys, 1980). To
further assess the presence and properties of the two geological structures (i.e. the Bridge Fault and the Narrows Structure), we
conducted two additional simulations, one without Narrows Structure, and the other with permeable Bridge Fault but impervious
Narrows Structure. Except for the parameters associated with the two structures, other parameters remain the same as in the baseline
case.

Figure 7 compares the results obtained from the two additional simulations with that from the baseline case. Removal of the Narrows
Structure (Fig. 7b) only slightly affects the transition pattern between uplift and subsidence at the surface. Without the Narrows
Structure, the geothermal reservoir is no longer partitioned, and thus the pressure build-up due to injection diffuses more, resulting in a
slight reduction of ground deformation. Nevertheless, the surface deformation is not very sensitive to the presence of the deeply-buried
Narrows Structure. In contrast, making Bridge Fault a fast flow path greatly alters the ground deformation pattern and also decreases the
magnitude, reducing the maximum uplift at the surface after 700-day production from approximately 100 mm to 60 mm. According to
our interpretation of flow test results (i.e., RRG-4 flow and pressure buildup test reported by Glaspey et al. [2008]) and simulations of
the flow tests (not presented in this paper), the Bridge fault could serve as a fast flow path along the fault direction. However, this fault
is likely a barrier impeding flow cross the fault in order to result in the ground deformation that is consistent with InSAR observations
spatially and temporally.
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Figure 7. The effect of geological discontinuities on the patterns of vertical ground deformation after 700 days of production: (a)
the baseline case; (b) the case without Narrows Structure; and (c) the case with permeable Bridge fault.

6. SUMMARY

This study presents a forward THM-coupled numerical modeling effort to understand the subsurface geothermal processes that produce
ground deformation observed by InSAR at the Raft River geothermal site. The results support the hypothesis that the injection reservoir
is much shallower than the geothermal reservoir. The rising pressure in the injection reservoir generates strong surface uplift while
pressure drawdown in the deeper geothermal reservoir causes much subtler surface subsidence around the production wells. The
combination of these two processes generated a complex pattern of surface deformation. A flow barrier likely exists to the east of the
site, generating the observed surface uplift pattern that strikes linearly southwards rather than radially outward. A sensitivity study
suggests that the Bridge Fault is likely a barrier impeding flow cross the fault, although the fault itself could serve as a fast flow path
along the fault’s strike direction. The modeled surface deformation pattern does not depend on whether or not the Narrows Structure is
included in the simulation. Accordingly, we can neither support nor dismiss the hypothesized Narrows Structure.

The present study demonstrates the merit of a multi-physics forward model in understanding geothermal reservoir characteristics and
subsurface processes. This forward-modeling approach honors the available known information and accounts for the coupling between
thermal, hydrologic, and mechanical processes. The simulation reproduces the essential features of the ground deformation observed in
the InSAR measurements.

For practical reservoir assessment and management considerations, the modeling results provide useful information about the flow
system, including the vertical compartmentalization of the reservoir, the role of the Bridge Fault, the potential existence of previously
unknown flow barriers, and the evolving extent of the pressure plume. Additional modeling and analysis could predict the surface
deformation signatures of cooling fronts in the reservoir, which the team is pursuing in the next phase of the work. It should be
emphasized that the effectiveness of the modeling strategy and the utilities of the modeling results highly depend on existing knowledge
of the fundamental characteristics of the reservoir. A coherent conceptual model corroborated by multiple aspects of evidence is an
important prerequisite for valid, useful modeling. In parallel to modeling the Raft River Geothermal Field, we also attempted to model
the InNSAR observations at the Brady’s Hot Springs geothermal field in Nevada (Ali, et al., 2016) using a similar approach. There, the
limited information available about the reservoir (e.g., Holt, et al., 2004) has heretofore impeded the development of coherent
conceptual model. To address this issue, the PoroTomo project should provide additional constraints on the geo-mechanical structure of
the reservoir (Feigl et al., 2016; Feigl and PoroTomo Team, 2017).
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