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Executive Summary 

We explore the utility of combining active downhole experimentation with borehole and surface 

geodesy to determine both the characteristics and evolving state of EGS reservoirs during 

stimulation through production. The study is divided into two parts. We demonstrate the feasibility 

of determining in situ reservoir characteristics of reservoir size, strain and fracture permeability 

and their dependence on feedbacks of stress and temperature using surface and borehole geodetic 

measurements (Part I). We then define the opportunity to apply the unique hydraulic pulse 

protocol (HPP) borehole tool to evaluate reservoir state. This can be accomplished by monitoring 

and co-inverting measured reservoir characteristics (from the HPP tool) with surface geodetic 

measurements of deformation, tilt and strain with continuous measurements of borehole-wall 

strain (via optical fiber and fiber Bragg gratings) and measured flow rates (Part II). 

Characterization and Monitoring of EGS Reservoirs: These studies have evaluated the potential 

for both direct and indirect measurement of permeability evolution, thermal depletion and the 

characterization of key parameters of EGS reservoirs. Apparent is that surface geodetic signals are 

indeed sufficiently large to monitor thermal contraction and fault reactivation and to estimate 

changes in the state of the reservoir. Signals anticipated from the HPP tool during radial injection 

into a fracture potentially provide key parameters for EGS reservoir development.  

Surface deformation is a commonly observed phenomenon in various geothermal fields. This 

reflects subsurface volume change due to shrinkage and dilation or faulting and fault reactivation 

induced by fluid injection. Here we assess surface deformations (vertical displacement, surface tilt 

and horizontal strain) as signatures in two different modalities: (i) isotropic volume change (Mogi 

model) and (ii) injection induced shear offset (Okada slip model) and compare the results with the 

resolution of current geodetic tools. We assume a spherical fractured reservoir within an infinite 

medium and follow changes in the stress/strain field of the cooled inclusion. This behavior shows 

a tensional decoupling for a no-tension material that is induced as a result thermal destressing. 

This tensional decoupling is used to estimate the magnitude of the maximum detectable 

deformation recorded when thermal contraction ensues. Then the mechanism of permeability 

change induced by thermal contraction of the spherical inclusion (reservoir) is assessed. 

Comparison of predicted deformations with instrumental resolutions confirms that geodetic signals, 

especially tilt and strain, are indeed sufficiently large to describe reservoir evolution. Volume 

changes of the order of 103 m3 (induced by thermal contraction during ~one month of geothermal 
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operation) or 1 mm of slip on a reactivated fault patch of 1000 m×500 m at a depth of 2500 m 

induce tilts of ~10 nano-radians and strains of ~10 nano-strains, which are ~10 times larger than 

the resolution of current near-surface geodetic instruments. Observed surface deformation together 

with field operation data in various geothermal projects suggest that both shear and normal 

displacement mechanisms contribute to the large deformations. Although the two different modes 

could induce surface deformation concurrently, we demonstrate that these modes can be identified 

through the temporal and spatial variation of surface deformation during individual sub-surface 

events. 

In Situ Measurements with the Hot HPP Tool: The success of EGS requires both high-fluid-

throughput and thermally-long-lived geothermal reservoirs. High-fluid-throughput in traditional 

basement rocks requires that reservoir permeabilities at depth (~5km) must be elevated from the 

microDarcy to the milliDarcy range and with long thermal life. A long-thermal life requires that 

high heat-transfer area is maintained concurrent with high flow rates. This is only feasible if fluid 

circulation in the reservoir has a broad and even sweep through media with a short thermal 

diffusion length (small fracture spacing) thus avoiding thermal short-circuiting and damaging 

feedbacks of thermal permeability enhancement. Therefore permeability control is a key 

requirement to develop a successful EGS reservoir. Thermally-driven permeability evolution 

results from induced strains around fractures that, in turn, result from temperature change. These 

deformations are strongly dependent on parameters of the fluid and rock such as thermal expansion 

coefficient, thermal conductivities, flow rate, fracture stiffness and in situ stress field. Measuring 

and analyzing the deformations together with permeability evolution in situ will describe fluid 

flow and conductive thermal energy transport in the reservoir and provide essential parameters to 

effectively develop EGS reservoirs. Such direct measurements of fracture deformation with 

permeability evolution have been successfully conducted with the unique hydraulic pulse protocol 

(HPP) probe (Guglielmi et. al. 2015 a&b). However, the current tool is limited to ~10 MPa and 

80°C and not yet readily applicable to a high pressure high temperature environment. Here we 

explore the potential developments needed to elevate tool performance to 100 MPa and 300°C and 

necessary experimental protocols to maximize data recovered. In this work we examine (i) 

expected fracture deformation and recoverable HPP tool signals in an EGS system and (ii) a 

strategy to upgrade the current HPP tool to be stable in an HTHP environment. Deformations from 

cold water flow into a fracture and the expected HPP response of the tool are investigated by 

numerical simulations. These results indicate that there are two modalities of deformation: (i) 

immediate (<10 seconds) pressure-driven dilation of the fault/fracture and (ii) a second delayed 

thermally-induced response of opening and slip. Observed deformations are analyzed with the 

theory for a soft inclusion (Eshelby) and indicate that thermally-induced unloading and consequent 

deformations are strongly dependent on the hydro-thermal-mechanical properties of the reservoir 

and fracture. Stress evolution and its magnitude is determined by the morphology of the cooled 

volume. A flat cooling ellipsoid centered on the fracture results in thermal cracking (opening in 

the direction normal to the fracture) while fracture opening enlarges as cooling proceeds. We show 

that the stress field in the chilled inclusion can be approximated by the temperature change without 

considering the external thermal gradient. The analysis of cold water injection for one month 

(fracture zone of 4mm thickness and 10 Darcy permeability) resulted in ~3 mm of opening and 



3 

 

~6mm of slip. Expected HPP signals (deformations at ~30cm above the isolated fracture) are 

significantly larger than tool resolution confirming the utility of the tool to precisely measure the 

hydro-thermal-mechanical properties of the reservoir and to describe reservoir deformation 

behavior. Shear displacement signals are nearly identical to fracture surface deformation while 

normal displacement initially diverges from fracture opening reflecting thermal contraction of the 

reservoir between anchor and fracture surface.  

Tool Design: We review current cold-HPP tool capabilities and required upgrades for deployment 

in geothermal systems. The current displacement measurement system (fiber Bragg grating) is 

fundamentally stable at HTHP conditions while the deformation cage and current packer system 

are not. The deformation cage itself may not require significant modification in design except the 

aluminum body and cage-fiber adhesive may need to be replaced by materials with a high 

durability to elevated temperature. Current neoprene packers will not survive and considerable 

modification in design is needed. Existing HTHP off-the-shelf packers are reviewed and requisite 

revisions to adopt the packer mechanism in the current HPP tool are discussed.  
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Abstract 

Surface deformation is a commonly observed phenomenon in various geothermal fields. This 

reflects subsurface volume change due to shrinkage and dilation or faulting and fault reactivation 

induced by fluid injection. Here we assess surface deformations (vertical displacement, surface tilt 

and horizontal strain) as signatures in two different modalities: (i) isotropic volume change (Mogi 

model) and (ii) injection induced shear offset (Okada slip model) and compare the results with the 

resolution of current geodetic tools. We assume a spherical fractured reservoir within an infinite 

medium and follow changes in the stress/strain field of the cooled inclusion. This behavior shows 

a tensional decoupling for a no-tension material that is induced as a result thermal destressing. 

This tensional decoupling is used to estimate the magnitude of the maximum detectable 

deformation recorded when thermal contraction ensues. Then the mechanism of permeability 

change induced by thermal contraction of the spherical inclusion (reservoir) is assessed. 

Comparison of predicted deformations with instrumental resolutions confirms that geodetic signals, 

especially tilt and strain, are indeed sufficiently large to describe reservoir evolution. Volume 

changes of the order of 103 m3 (induced by thermal contraction during ~one month of geothermal 
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operation) or 1 mm of slip on a reactivated fault patch of 1000 m×500 m at a depth of 2500 m 

induce tilts of ~10 nano-radians and strains of ~10 nano-strains, which are ~10 times larger than 

the resolution of current near-surface geodetic instruments. Observed surface deformation together 

with field operation data in various geothermal projects suggest that both shear and normal 

displacement mechanisms contribute to the large deformations. Although the two different modes 

could induce surface deformation concurrently, we demonstrate that these modes can be identified 

through the temporal and spatial variation of surface deformation during individual sub-surface 

events. 

1. Introduction 

Surface deformations of significant magnitude in a number of geothermal fields have been 

observed by both interferometric methods (InSAR) (Ali et al, 2016, Eneva et al 2012, Falorni et al 

2011, Fialko and Simons 2000, Foxall and Vasco 2003, Vasco et al 2002, Vasco 2013) and by 

direct measurement of surface tilt (Vasco et al 2002). Subsurface deformations induced by cold 

water injection generally conform to two different modalities: (i) isotropic volume change and (ii) 

injection induced shear offset on finite faults. Isotropic volume change can be induced by either 

thermal contraction (volume decrease) or pressure dilation (volume increase) in the reservoir with 

shear slip similarly resulting from changes in effective stress induced by changes in fluid pressures 

or temperature. Ali et. al. (2016) recently show that surface subsidence in the Brady Hot Springs 

geothermal field may result from the contraction of shallow strata similar to the potential for 

pressure driven early-time slip and temperature driven late-time slip postulated to result in 

geothermal reservoirs (Gan and Elsworth, 2014). 

Although surface deformation can be induced by both pressure and temperature change. However, 

observations suggest that these deformations may be mainly temperature driven since they are both 

slow and continuous. Surface subsidence rates are typically several cm/year and continue 

throughout geothermal operations. As discussed by Gan and Elsworth (2014), temperature driven 

stress change is slow and continues until the reservoir is thermally depleted. Conversely, pressure 

change is concentrated at early time injection, limited by boundaries (well bore pressures) and 

typically localized near-wellbore regions of injection or production, where effects are most focused.  

Linking the observed deformation with a subsurface mechanism helps define active processes 

during reservoir evolution. Such models may be used to constrain magnitudes of thermal energy 

transfer from rock to fluid, fluid leakage, and the evolution of transport characteristics of the 

reservoir. The detection of slip processes on finite faults in turn constrains fluid flow and the 

evolution of major flow paths, and may allow the precursors to injection-induced seismicity to be 

defined and monitored. 

There is a significant loss of information when a 3D subsurface deformation field is projected onto 

a 2D surface. This degradation in information may be stemmed if additional independent, but 

mechanistically-linked observations are made. For example, volume change can be estimated by 

measuring both net fluid loss and net thermal volume change and this may be compared with the 

measured thermal budget of the reservoir. In addition, micro-seismicity data also are useful in 
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constraining slip processes, either as a single event (hypocentral location, magnitude, and where 

available, focal mechanisms) or as stacked data that would yield an equivalent net shear 

displacement – the ensemble due to multiple events.  

Below, we assess the potential to use surface and subsurface geodetic measurements to interpret 

hydrothermal reservoir processes. We examine the expected magnitudes of displacement, tilt and 

strain resulting for production from geothermal reservoirs and compare this with the instrumental 

resolution of common measurements. We use the Mogi volumetric model (Mogi 1958) and the 

Okada shear slip model (Okada 1985) within an elastic half-space to define signal magnitudes with 

consideration of coupling and decoupling process between reservoir and surrounding rock. We 

then compare these results with the resolution of current geodetic methods. Finally, we analyze 

existing surface deformation data using these models to deconvolve processes within deep 

reservoirs. 

 

2. Surface Deformation 

We assess surface deformation developed by two modes of subsurface displacement: (i) volume 

change due to thermal contraction and (ii) shear deformation due to slip on a finite fault plane. We 

apply the Mogi (1958) solution to analyze volume change and the Okada (1985) solution for shear 

deformation offset at depth to estimate the magnitude of maximum deformations: vertical 

displacement, surface tilt and strain.  

2.1 Volume Change 

Volumetric strain, εv, induced by temperature change in an unconstrained medium is  

                                                                                                                                      (1) 

where, αv is volumetric thermal expansion coefficient and ΔT is temperature change. Experimental 

data indicate that the volumetric thermal expansion coefficient of igneous rock is generally within 

the range 2×10-5~7×10-5 within the temperature range between 30°C and 400°C (Cooper and 

Simmons 1977). The magnitude of the thermal expansion coefficient suggests that thermal stresses 

can surpass poroelastic stresses in typical geothermal systems after sufficient duration of 

injection/recovery. For example, a temperature change of 150°C with αv=3×10-5 induces a 

volumetric strain of 0.0045 while a 20 MPa change in pressure with a bulk modulus of 20 GPa 

induces a volumetric strain of only 0.001 in an unconfined system.  

2.1.1 Coupled Deformation 

Eqn. (1) assumes a change in strain with not net change in stress. The presence of the surrounding 

rock, however, reduces the magnitude of deformation (Eshelby, 1957). To estimate this effect on 

the resulting volumetric strain arising from thermal expansion, we analyze a spherical fractured 

reservoir that has a modulus different from that of the surrounding rock (spherical soft inclusion). 

The Young’s modulus of the fractured reservoir can be expressed as (Goodman, 1980), 

v v T  
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                                                                                                                              (2) 

where, kn is normal stiffness of an individual fracture and S is fracture spacing and E is the Young’s 

modulus of the intact rock. Accordingly, the fractured rock will generally be less stiff than the 

intact rock. 

Fig. 1 illustrates deformations due to a change in pressure within (i) a spherical reservoir under 

zero stress, (ii) a spherical cavity in an infinite medium and (iii) their coupled behavior. The 

magnitude of the coupled strain can be recovered as follows. Volumetric strain induced by pressure 

change in the unconstrained spherical reservoir of bulk modulus Kres (Fig. 1 (a)) is  

                                                                                                                            (3) 

Volumetric strain induced by pressure change in the spherical cavity in an infinite body (host rock) 

with shear modulus Ghost (Fig. 1 (b)) is 

                                                                                                                              (4) 

If the sphere is embedded in the cavity and both sphere and cavity deform together with the same 

pressure change in the sphere, then the deformation of both sphere and cavity will be the same, 

with the same volumetric strain (boundary displacements linked), as, 

                                                                                                                        (5) 

and the total pressure change used to deform both sphere and cavity is the sum of the applied 

pressures that induce the strain in both sphere and cavity, 

                                                                                                                     (6) 

Eqn. (3), (4), (5) and (6) yield volumetric strain of coupled deformation as (Fig. 1 (c)), 

                                                                                                                           (7) 

The equivalent pressure due to the thermal stress can be calculated by equating Eqn. (1) and (3), 

                                                                                                                              (8) 

Substituting Eq. (8) into (7) yields  
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                                                                                                                       (9) 

or, 

                                                                                                        (10) 

where, ν is Poisson’s ratio and Ehost and Eres are the Young’s modulus of the host rock and reservoir 

rock, respectively. Note that the result is identical to that of an Eshelby spherical inclusion when 

Ehost=Eres. Although this work focuses on a spherical cooled (mature) reservoir, the correspondence 

between Eqn (10) and that for an Eshelby inclusion indicates that the solution can be extended to 

an arbitrarily shaped ellipsoid.  

Eqn. (10) indicates that the change in stress/strain inside a uniformly cooled sphere in an infinite 

medium is also uniform and this is independent of the form of the external temperature field. 

Imagine a sphere that is cooled by ΔT and sustains a volumetric strain of εv. If a concentric inner 

sphere inside this outer sphere is cooled by an additional ΔT then Eqn (10) (and the Eshelby 

solution) defines the induced strain in the inner sphere simply as 2εv, which is identical to the case 

of a single sphere cooled by 2ΔT without outer sphere. This result reveals that the existence of an 

outer sphere does not affect the stress/strain field of an embedded inner sphere. Thus thermal 

gradient in the outer shell does not affect the stress/strain field inside the embedded cooled sphere 

if the moduli are independent of temperature and the thermal gradient is also radially symmetric 

This observation significantly simplifies the stress/strain field and the resulting evaluation of 

permeability evolution. 

Since αvΔT is the unconstrained volumetric strain (Eqn (1)), the multipliers on αvΔT in Eqn. (9) 

and (10) indicate the ratio of deformation reduction due to the existence of the surrounding rock. 

Since the elastic modulus of the fractured rock is generally smaller than that for unfractured rock 

(Eqn. (2)), the reduction ratio is maximum when Ehost=Eres. For example, when Ehost=Eres and 

Poisson’s ratio 0.25, the deformation ratio is 0.56. That is, the constrained volumetric strain 

magnitude arising from thermal expansion (or contraction) would be reduced to 56% of the zero 

stress case.  
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Figure 1. Volumetric strain induced by pressure change, ΔP, of (a) zero stress (no surroundings) sphere 

with bulk modulus Kres, and, (b) spherical cavity in an infinite body with shear modulus Ghost. When the 

sphere and cavity deform with the same volumetric strain, the volumetric modulus of the coupled 

deformation (c) becomes the sum of bulk modulus of (a) and (b), Kres+4Ghost/3. 

 

2.1.2 Decoupling Between Reservoir and Host 

The reduction of thermal contraction rate in coupled deformation (difference between Eqn (1) and 

Eqn (9)) indicates that the stress that resists thermal contraction would be induced in the reservoir. 

Thermal contraction will reduce the applied in situ stress in the reservoir and may eventually 

induce extensional stress. When the net stress of the reservoir becomes extensional and if the 

reservoir is highly fractured, further thermal contraction would open internal existing fractures 

rather than pulling-in the surrounding rock. Accordingly, the deformation of the reservoir and the 

surrounding rock decouples and Eqn. (5) is no longer valid.  

A simple, idealized case for the decoupling of a spherical reservoir is analyzed here. Imagine an 

infinite elastic body with isotropic far field stress σ. If we remove a sphere from the body, then the 

stress change at the spherical cavity surface is -σ and therefore the volumetric strain at the boundary 

of cavity with the infinite body is (Eqn. (4)) 

                                                                                                                            (11) 

If the spherical reservoir, which was removed from the infinite elastic body, is then placed in a 

stress free environment and cooled by ΔT, it would initially undergo expansion due to its removal 

from the infinite body with a strain equal to εv=σ/K, and simultaneously would contract due to the 

temperature change with strain equal to εv=αvΔT. The total volumetric strain on the spherical 

reservoir is then given by,  

                                                                                                                      (12) 

Fig. 2 illustrates the volumetric strains of (a) a stress-free cavity, (b) a stress-free spherical 

reservoir and (c) their coupled deformation. When an insulated spherical reservoir cools in an 
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infinite body, the volumetric strain induced by the temperature change of the reservoir is governed 

by Eqn. (9) (coupled deformation, Fig.2 (c)). Once the magnitude of the induced volumetric strain 

becomes greater than the strain of the stress-relieved cavity (Eqn. (11)), however, further coupled 

deformation would induce extensional stresses on both reservoir and cavity wall. Assuming a no-

tension criterion on the boundary of the reservoir and the cavity wall, the deformation decouples 

and may be separated into the distinct deformations of a stress-free cavity (Fig. 2 (a)) and a stress-

free sphere (Fig. 2 (b)).  

As illustrated in Fig 2 (d), all three volumetric strain curves (stress free cavity (a), stress free sphere 

(b) and coupled deformation (c)) coincide at a single decoupling point. Therefore the decoupling 

point can be calculated by equating any two of the equations (9), (11) and (12). The volumetric 

thermal stress at the decoupling point is,  

                                                                                                          (13) 

Rearranging Eqn. (13), we obtain the temperature drop to induce decoupling as 

                                                                                                   (14) 
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Figure 2. Spherical coupled and decoupled deformations in an infinite body with isotropic far field stress. 

When a spherical reservoir is removed from a body subjected to an isotropic far field stress σ and the 

remainder of the cavity is stress free, (a) there will be constant volumetric strain applied to the cavity as -

3σ/4Ghost. If the excluded spherical body is placed in a stress free environment and cooled with a temperature 

difference ΔT, the sphere will have a volumetric strain σ/Kres (expansion due to stress removal) plus αvΔT 

(thermal expansion/contraction). Case (c) represents the coupled deformation as described in Eqn. (9). A 

volumetric strain vs. thermal stress (-KresαvΔT) for all of cases ((a), (b) and (c)) is plotted in (d). The graph 

shows that all 3 cases intersect at one decoupling point. During the initial stage of falling temperature for a 

sphere in an infinite body (c), the volumetric strain is defined by coupled deformation (blue solid line); then 

after the decoupling point, the cavity (a) and the reservoir (b) will be decoupled into two stress free 

deformations (green solid line for the surrounding rock and the solid red line for the spherical reservoir). 

 

Eqn. (14) defines the magnitude of temperature drop that induces tensional stress in the reservoir. 

If the reservoir is highly fractured, any further temperature drop will result in opening of the 

fractures rather than extending the surrounding rocks and the deformation of the rock surrounding 

the cavity will be significantly reduced – this will result in decreased deformation signal at the 

surface. The decoupling temperature versus isotropic far field stress is plotted for various bulk 

moduli in Fig. 3 (assuming Eres = Ehost, ν = 0.25 and αv = 5×10-5). The plot shows the maximum 

absolute temperature difference for coupled deformation and, as a result, produces the maximum 
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detectable surface deformation. For example, if Kres = 20 GPa and the isotropic far field stress is 

50 MPa, then the maximum surface deformation would occur when the reservoir rock is cooled to 

~110°C. Accordingly, if the rock is cooled by >110°C, the measured surface deformation signal 

will be limited to the threshold temperature change. 

 
Figure 3. Decoupling temperature vs. isotropic far field stress with various reservoir bulk moduli. The plot 

assumes Eres=Ehost, ν=0.25 and αv=5×10-5. The decoupling temperature difference represents the maximum 

temperature change that can be detected on the surface. For example, in the case of a far field stress of 50 

MPa with Kres 20 GPa, ΔT~110°C induces a maximum surface deformation and further cooling will induce 

little (or no) additional surface deformation. 

 

2.1.3 Permeability Change from Spherical Cooling 

It has been shown that the stress applied within the reservoir decreases with thermal contraction 

and may eventually reach zero (Fig. 2). Thus, such thermal contraction would be expected to result 

in a concomitant increase in permeability. The following assesses this permeability change using 

a simple model of isotropic coupled deformation induced by uniform cooling within an embedded 

spherical reservoir. 

The mechanism that induces volume change due to coupled thermo-mechanical unloading (Eqn. 

(9)) may be divided into two different modalities: (i) thermal contraction (assuming constant stress) 

and (ii) expansion due to stress decrease. Although such mechanisms act concurrently, considering 

them separately allows us to examine each of the processes and to calculate the magnitude of each 

effect in terms of the permeability change. We consider a spherical reservoir with equally spaced 

orthogonal fractures as illustrated in Fig. 4, showing (a) initial state of the reservoir, (b) thermal 

contraction under constant stress and (c) expansion due to stress decrease. Note that the 

temperature decrease (Fig. 4. (a) transitioning to (b)) would contract both rock matrix and pore 

space together. In contrast, in the process of stress reduction (Fig. 4. (b) transitioning to (c)), the 

modulus difference between rock matrix and fracture leads to an unbalanced expansion of the rock 

matrix and fracture.  
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The permeability of a rock with a set of parallel fractures with aperture b and spacing S can be 

defined as  

                                                                                                                                        (15) 

We assume that the fracture is held open by rock bridges of height, b, that contract with a change 

in temperature. Induced strain on both fracture and rock matrix due to the temperature change ΔT 

with volumetric thermal expansion coefficient αv in constant stress (Fig. 4 (a) transitioning to (b)) 

are simply (αvΔT)/3. So aperture changes as b(1+(αvΔT)/3) and fracture spacing changes to 

S(1+(αvΔT)/3). Substituting the result into Eqn (15) yields the permeability due to thermal 

contraction at constant stress as 

                                                                                                            (16) 

Permeability decreases only slightly with temperature drop since (αvΔT)/3 is typically of the order 

of 10-3, the permeability change is not significant.  

The second influence is the change in stress that acts within the reservoir. Due to the difference in 

modulus between fracture and rock matrix, the fracture is strained more than the rock matrix, with 

this conditioned by the difference in effective modulus of the fracture versus the matrix. This may 

result in a significant permeability increase (Fig. 4 (b) transitioning to (c)). A relationship between 

permeability and strain (as a result of stress change) defines the change in permeability with normal 

(linear) strain change Δεl as modulated by aperture, fracture spacing and modulus reduction ratio 

Re (Ouyang and Elsworth, 1993; Liu et al 2000) as  

                                                                                          (17) 

The modulus reduction ratio Re is defined as  

                                                                                                                                       (18) 

where E and Em are modulus of intact rock and rock mass modulus respectively. 

The total volumetric strain induced by thermal contraction within the surrounding rock is derived 

as Eqn (9). Therefore the strain change due to stress reduction (Fig 4 (b) transitioning to (c)) is the 

difference between the total strain (Eqn (9)) and thermal contraction in constant stress (αvΔT), 

which is, 

                                                                                                                        (19) 
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Substituting Eqn. (19) into Eqn (17) and assuming isotropic conditions Δεl=Δεv/3, we recover the 

permeability as  

                                                                          (20) 

Note that b3/12S is the original permeability, therefore the parameter in the brackets in Eqn. (20) 

represents the ratio of permeability increase. The permeability increases with a decrease in 

temperature and its magnitude may be significant, depending on the magnitudes of S/b and Re. 

 

 

Figure 4. Schematic illustration of two mechanisms of volume change due to coupled thermal contraction: 

(i) thermal contraction (ii) stress reduction. Thermal contraction at constant stress will decrease both 

aperture and fracture spacing but strain driven by the concomitant reduction in stress results in a net increase 

in permeability. 

 

Once quenching of the reservoir results in zero stress within the reservoir (reservoir stress 

decoupling) then further cooling results in an even larger rate of permeability increase with 

temperature drop. Assuming the boundary between the external host and the reservoir is stationary, 

aperture increase would be identical to the liner thermal contraction of rock matrix. That gives,  

                                                                                                                  (21) 
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Using this aperture change and ignoring any change in fracture spacing (due to thermal contraction 

of the blocks of the order of ΔS ~ SαlΔT), permeability will become 

                                                                                                                 (22) 

where, kd and bd is the permeability and aperture at the temperature of decoupling and ΔTd is 

temperature change from the decoupling point.  

 

2.1.4 Surface Deformation from Geothermal Operations 

The Mogi expressions (Mogi, 1958) for an isotropic spherical pressure source in an elastic half 

space defines vertical displacement due to subsurface volume change ΔV as,  

                                                                                                                        (23) 

where, z is depth of the source, and R2 = r2+z2 where r is horizontal (i.e. radial) distance from the 

source center. The surface tilt, θ, and surface radial strain, εr, arising from a Mogi source are 

defined as,  

                                                                                                                      (24) 

and 

                                                                                                               (25) 

Thermal contraction rate induced by heat transfer from the rock to the fluid in a geothermal field 

is indexed by the heat extraction rate. Assuming a constant fluid flow rate Qf with constant 

temperature difference between injection and production ΔTf, the rate of heat energy gain of the 

injected fluid in the reservoir can be expressed as,  

                                                                                                                        (26) 

Similarly, the heat energy loss from the rock is,  

                                                                                                                               (27) 

where, ρf and ρr are density of fluid and rock, Cf and Cr are heat capacity of the fluid and rock 

respectively, Vr is the volume of rock and Ṫr is the rate of temperature change of the rock. 

Equating Eqn. (26) and Eqn. (27) yields the expression for the rate of temperature change in the 

reservoir rock as, 
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                                                                                                                      (28) 

Assuming a spherical reservoir, the constrained volumetric strain rate can be recovered by 

substituting Eqn. (28) into Eqn. (10).  

                                                                            (29) 

Finally, multiplying by rock volume Vr in Eqn. (27), subsurface volume change rate can be 

recovered as 

                                                                                       (30) 

Substituting Eqn. (30) into the Mogi expression (Eqn. (23), (24) and (25)), we can obtain surface 

deformation rates induced by thermal contraction. Note Eqn. (30) is a maximum estimation since 

the decoupling process is not considered.  

Expected maximum surface deformation after 1 year of operation of an geothermal field, assuming 

Qf=0.1m3/s, α=5×10-5/K, (ρfCf)/(ρrCr)=2, Ehost=Eres and Poisson’s ratio 0.25 with various 

geothermal gradients, is presented in Fig. 5. ΔTf is calculated from the geothermal gradient 

assuming that temperature of the injection fluid and production fluid are identical to ground surface 

temperature and reservoir temperature, respectively. Deeper source depths yield higher reservoir 

temperatures and result in a larger volume change. Under these assumptions, the results indicate 

that the resolutions of current geodetic tools for tilt and strain (~1 nano-radian and ~1 nano-strain, 

respectively) are generally resolvable for any given source depth, while vertical displacement is 

not (~1 mm).  
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Figure 5. Maximum surface deformations vs. source depth with various geothermal gradients. (a) Vertical 

displacement, (b) surface tilt and (c) radial strain. Assumed parameters are, Qf=0.1m3/s, α=5×10-5/K, 

Eres=Ehost, Poisson’s ratio 0.25 and 1 year of thermal production. Vertical displacement for a reservoir 

deeper than 1000 m is marginally resolvable with current geodetic tool resolution (~1 mm), while tilt and 

strain for all reservoir depths and for all geothermal gradients are larger than current geodetic tool 

resolutions (at ~1 nanoradian and ~1 nanostrain, respectively). Gray area in the panels denotes undetectable 

deformation. 

 

A simple one-dimensional model describing thermal drawdown and consequent volume change 

patterns in geothermal reservoirs is explored in Fig. 6. The model compares two end-members of 

thermal drawdown behavior: (i) the case where a sharp thermal front transits the reservoir (Fig. 6. 

(a) red) and (ii) the case where uniform thermal drawdown occurs (i.e., thermal front absent case, 

Fig. 6. (a) blue). Where the thermal front is present, heat flow from the rock to the fluid is 

sufficiently rapid that the temperature of the reservoir is partitioned between cold (thermally 

depleted) and hot zones. Conversely, where the thermal front is absent, temperature in the reservoir 

is uniform, as are the thermal strains. 

The model describes a reservoir 1000 m × 200 m × 200 m at a depth of 2500 m with reservoir 

properties of volumetric thermal expansion coefficient α=5×10-5, Eres=Ehost and Poisson’s ratio 

0.25. Cold water (ΔT=-100ºC) is injected at one end of the reservoir and produced at the other. The 

reservoir is divided into 10 equal-sized zones with equivalent Mogi sources located at the center 

of each. The resulting surface deformation is determined by the activated superposed Mogi 

solutions from each source. Where the thermal front is present, the temperature decreases by 100ºC 

only at selected zones near the injector. For the uniform thermal depletion model, the temperature 

change and resulting strain is distributed uniformly between all zones. (Fig. 6 (a)). 

The resulting surface deformation signals of vertical displacement, tilt and strain with three 

different depletion states (10 %, 30 % and 50 % depleted) are shown in Fig. 6. The red curves 

denote the case for the sharp thermal front and blue curves denote the case of uniform depletion 

with maximum, minimum and zero values marked by circles. The maximum, minimum and zero 

values migrate for the thermal front but are stationary for uniform depletion. Fig 6 (e), (f) and (g) 

represent the differences in deformation magnitudes at the injection point (-500 m), the middle of 

the reservoir (0 m) and at the production location (500 m) for the contrasting cases of plug- and 

uniform-depletion. The two end member responses to depletion can be clearly identified by the 

magnitude of tilt (maximum difference ~230 nano-radians) and strain (maximum difference ~110 
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nano-strains) although not with vertical displacement (maximum difference ~0.1mm). This simple 

model shows that the magnitude of surface deformation, and its variation, is sufficient to identify 

the reservoir depletion behavior and therefore specific geodetic tools could be used for reservoir 

imaging of thermal depletion.  

 

 

Figure 6. Surface geodetic signals of thermal front present (red) and absent (blue) case. 1000  m × 200 m 

× 200 m size reservoir is placed at a depth of 2500 m. The reservoir is divided by 10 equal sized zone with 

Mogi source at the center of each zone. Surface deformations are calculated by superposed Mogi solutions 

assuming αv=5×10-5, ΔT=100°C, Eres=Ehost and Poisson’s ratio 0.25 (Eqn. (10)). Plots (b), (c) and (d) 

represent the geodetic signals on the surface and plots (e), (f) and (g) represent the difference of geodetic 

signals between thermal front present and absent cases at certain surface locations (injection point, middle 

of the reservoir and production point). It is clear that the difference in the thermal drawdown behavior can 

be identified with currently available tilt and strain meters but not with standard tools that can measure 

vertical displacement (e.g. GPS and InSAR). For uniform drawdown, the deformation profile is fixed in 

space but only changes in magnitude. For the moving thermal front, the center of the moves with the thermal 

front as in plots (b), (c) and (d). Since the gradient of tilt is maximum near the zero tilt point (plot (c)), any 

tilt observation has good spatial resolution near the point of zero tilt.  
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2.2 Shear Deformation 

A number of seismic events, some of significant magnitude (M>3), occur simultaneous with fluid 

circulation in geothermal reservoirs (Majer et. al, 2007). Monitoring the shear offset of such 

faulting using surface or near-surface geodetic tools could potentially allow the visualization of 

the evolving major flow paths within the geothermal reservoir, and thus an analysis of the 

mechanical processes related to fluid injection-induced seismicity. Although it is widely observed 

that slip induces surface deformation, it often receives less attention as a source of surface 

deformation in geothermal field because the energy released by a single seismic event is 

insufficient to induce the observed surface deformation (typically several centimeters of 

subsidence per year). For example, the Okada model indicates that the maximum deformation 

induced by the largest micro-seismicity at the Newberry project (fault surface area 62,500 m2 with 

2.3 mm slip at depth 2500 m (Fang et al., 2015B)) would be a vertical displacement of 0.006 mm 

and surface tilt of 3.5 nano-radians, respectively, of which only the tilt signal is marginally 

resolvable with current instruments (Fig. 7).  

 

 

Figure 7. Surface deformation for the largest micro-seismic event detected at the Newberry EGS 

stimulation. (a) Vertical displacement and (b) tilt along the y-direction. Rectangular source 250 m × 250 m 

at a dip of 60° dipping in the y-direction centered at a depth of 2500 m and with 2.3 mm of shear offset 

(Fang et. al., 2015).  

 

When describing fault reactivation by fluid injection, however, it is inappropriate to consider solely 

each individual seismic event; rather, cumulative displacement may be recovered from repeating 

events on the same fault or from slip that occurs aseismically. For instance, the shear offset 

observed across one borehole at the Soultz geothermal experiment was significantly larger than 

the expected slip calculated from the contributing seismic events (Cornet et al., 1997). More 

directly, observations of injection induced shear slip offset are typically far larger than the slip 

calculated from induced seismicity (Guglielmi et. at. 2015a&b). This result might be explained by 

two mechanisms: (i) stacking of seismic fault events within a fault zone and (ii) aseismic or slow-

slip fault reactivation. The first mechanism has often been observed and simulated in the 
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development of injection-induced seismicity (Horton 2012, McClure 2013, Gischig 2015), while 

the second mechanism is reviewed and discussed for tectonic plate boundary slip (Peng and 

Gomberg 2010) and with injection triggered fault slip (Zoback and Gorelick 2012, Guglielmi et 

al., 2015a&b). 

Another interesting observation of direct slip measurements by Guglielmi et al. (2015a&b) is that 

the slip front (fracture tip) is always ahead of the fluid-pressurized front. Similar behavior is 

observed in numerical simulations of induced slip (Gischig, 2015). The slip front should be 

evaluated from the force balance of the slip driving stress (induced by effective normal stress 

reduction) within the pressure (and/or thermal) front and the resisting stress (friction) between 

pressure front and slip front. Thus the slip front in fault reactivation is always ahead of the pressure 

(and/or thermal) front and the size and magnitude of slip is strongly dependent on the orientation 

and frictional properties of the fault. This behavior shows that a larger slip zone can be generated 

by a smaller area of stress perturbation increasing the likelihood of a large event.  

Fig. 8 shows the relationships between fault size and maximum magnitude of surface deformations 

calculated by an Okada solution assuming a rectangular fault at a depth 2500 m with a 60º dip. It 

indicates that the magnitude of surface deformation increases with both fault size and shear offset. 

In fact, the fault size and slip distance are mutually dependent. Assuming constant stress drop 

across the fault, the larger the area of the fault, the larger the shear offset (Zoback and Gorelick 

2012). Accordingly, it is expected that a sizable area of fault slip would generate detectable surface 

deformation signals. The Okada slip solution (Fig. 8) indicates that for a 200 m×200 m fault at 

depth 2500 m, even several millimeters of slip can be detected with tilt- and strain-meters.  

 

Figure 8. Maximum magnitude of surface deformation vs. fault size (length of one side of rectangular fault) 

with three slip distances (0.001 m, 0.01 m and 0.1 m) at a depth 2500 m. The magnitude of surface 

deformation increases with both fault area and total slip. 

 

The Okada model assumes a finite rectangular slip source with uniform displacement embedded 

within an elastic half-space (Okada, 1985). The behavior of the resulting surface deformation 

depends on the geometry of the source including width, height and angle of dip. For example, the 

symmetry of the surface deformation is controlled by the fault dip. The maximum symmetry with 

respect to the horizontal fault direction is achieved at 45° dip, while maximum asymmetry is 

achieved at 0° or 90°. Fig. 9 illustrates the fault geometry used in our analysis. The rectangular 
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fault has a horizontal length of 1000 m and width along the slip direction of 500 m dipping at 60° 

and embedded in an elastic medium with a Poisson’s ratio of 0.25 Although the fault geometry is 

chosen arbitrarily, a fault of this size, geometry, and orientation would be reasonable to expect 

within a geothermal reservoir.  

 

Figure 9. Fault geometry used here with the yellow rectangle representing a slip surface with a dip angle 

of 60°, horizontal length of 1000 m and width (along slip direction) of 500 m. Depth to the surface is 

variable. 

 

2.3 Summary of Surface Deformation 

Maximum surface deformation calculated by the Mogi and Okada models, with fixed source 

geometry and with various volume changes and shear offsets, are shown in Fig. 10. The gray area 

represents signals that are undetectable with current geodetic techniques (~1 mm vertical 

displacement, ~1 nano-radian and ~1 nano-strain). The equivalent heat production period is 

specified in parentheses in the plots (a1), (a2) and (a3) assuming coupled spherical deformation 

with Qf=0.1m3/s, α=5×10-5/K, (ρfCf)/(ρrCr)=2, Ehost=Eres, ν=0.25 and ΔT=100°C. Also the 

equivalent moment magnitude with a shear modulus 15 GPa is noted in parentheses in the plots 

(b1), (b2) and (b3). In all cases, a detailed deconvolution of subsurface deformation can be 

achieved by tilt and strain but not generally through measurement of vertical displacements. For 

example, a volume change of 103 m3 (20 days of geothermal operation) is not resolvable by vertical 

displacement for any source depth deeper than 1000 m, while it remains resolvable in both tilt and 

strain. Similarly, 1 mm to 1 cm of slip is undetectable in vertical displacement, but it is readily 

detectable with tilt and strain.  

 

 

 

 



23 

 

 

Figure 10. Log-linear plot of maximum surface deformations induced by various contractile volume 

changes and by shear slip. (a1): maximum vertical displacement from contractile volume change. (b1) 

maximum vertical displacement from shear slip. (a2): maximum tilt from contractile volume change. (b2) 

maximum tilt from shear slip. (a3): maximum radial strain from contractile volume change. (b3) maximum 

horizontal strain from shear slip. Geometry assumed for the slip solution is shown in Fig. 4. The parenthesis 

in volume change (a1, a2 and a3) denotes equivalent period for heat production of Qf=0.1 m3/s, α=5×10-5 

/K, (ρfCf)/(ρrCr)=2, Ehost=Eres, Poisson’s ratio 0.25 and ΔT=100°C (same assumption with Fig. 3 except 

constant temperature difference). The parentheses for shear slip (b1, b2 and b3) denote the equivalent single 

event magnitude. In all cases, tilt and strain show significantly lower detection limits than achievable using 

surface standard displacement measurements.  

 

Since both volume change and slip induces surface deformation concurrently, it is necessary to 

distinguish the causal mechanism from observed surface deformation. One indication of different 

contributing mechanisms would be the timing of the events. In general, it is presumed that shear 

slip events would be episodic and staccato, while the volume change signal due to energy 

extraction would be more continuous and gradual. In addition, dilatation and slip may be further 

distinguished by their surface deformation patterns – slip induces a more spatially compact and 

asymmetric form of surface deformation.  

Fig 11 represents a comparison of the shape profiles induced by slip (red) and volume change 

(blue). Three different vertical displacement profiles (from the volume changes at two depths of 

1400 m and 2500 m and from slip at a depth 2500 m) are plotted in Fig 11 (a). For comparison, 

the magnitude of all three deformations are fixed to have the same maximum vertical displacement 

at the surface. The figure clearly shows that the shear events (red solid line) yield more intense 

and asymmetric surface deformation than the deformation induced by volume change at the same 
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depth (blue solid line). The ratio of maximum vertical displacement and tilt of the Mogi volume 

solution and Okada slip solution are plotted in Fig. 11 (c), which further emphasizes the difference 

in surface deformation arising from these distinct mechanisms.  

 

 

Figure 11. (a): Vertical displacement profile induced by (b) Mogi and Okada slip sources. Red profile in 

(a) is Okada slip solution of 2 cm slip at depth 2500 m with a fault geometry as Fig. 9. Blue lines denote 

Mogi volume change solution at depth 2500 m (solid line) and 1400 m (dashed line). For comparison, all 

source magnitudes are fixed to yield the same maximum surface displacement. Okada slip source (red solid 

line) yields a more narrow and asymmetric surface deformation pattern than the Mogi source (blue solid 

line). In addition, the deformation profile of Okada slip at depth 2500 m is similar to the deformation profile 

of the Mogi volume change at depth 1400 m (blue dashed line). Figure (c) plots of maximum vertical 

displacement divided by maximum tilt vs. depth. This demonstrates that the ratio of maximum vertical 

displacement and maximum tilt for an Okada slip dislocation is ~2x that of the Mogi source.  

 

3. Field Data and Discussion 

Surface deformations have been observed at a variety of geothermal reservoirs using near-surface 

tilt and surface displacements measured by InSAR. Tilt measurement data are available for two 

reservoirs in Japan, namely, the Hijiori injection test site and the Okuaizu geothermal field (Vasco 

et al., 2002). In addition, InSAR vertical displacements are available from various geothermal 

fields: Brady Hot Springs, Coso, Dixie Valley, Salton Sea, San Emidio (Ali et al., 2014; Eneva et 

al., 2012; Falorni et al., 2011; Fialko and Simons, 2000; Foxall and Vasco, 2003; Vasco et al., 

2002; Vasco 2013). The critical advantages of tilt observations over InSAR-inferred displacement 

measurements are the low detection limit (high sensitivity) and dense temporal sampling, which 

allows the recovery of a detailed record of short-term behavior. InSAR methods, in contrast, have 

a higher detection limit (lower sensitivity) for imaging subsurface deformation as deduced from 

vertical displacement (Fig. 10). However, the relatively low cost of InSAR data and processing 
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and its ability to produce synoptic surface deformation images makes this technique attractive and 

therefore widely used.  

The magnitude of thermal contraction in geothermal fields can be estimated by energy extraction 

rate. Assuming a conversion efficiency of 10% from thermal recovery to electrical conversion 

(including running at sub-capacity), the total heat energy extracted at 1 MW for 1 year from a 

geothermal field is ~3.15×1014 J. Using this conversion scenario and rock properties assumed as 

αv=5×10-5, density 2700 kg/m3 and specific heat of 900 J/kg·K with a deformation ratio of 0.56 

(Ehost=Eres, ν=0.25), allows the inference that 1 MW geothermal operation for 1 year induces 

~3.63×103 m3 of subsurface volume change. We compare the magnitudes of expected maximum 

surface deformation due to thermal contraction to the observed maximum vertical displacement 

(Brady Hot Springs, Coso and Dixie Valley) and tilt (Hijiori and Okuaizu) in Fig. 12. In order to 

calculate the subsurface volume change, we used current (2014) capacities for the operating fields 

(Brady Hot Springs, Coso, Dixie Valley and Okuaizu) and total injected volume for the period of 

observation in the Hijiori injection test. Our results show that observations at Brady Hot Springs 

and Coso show similar or slightly smaller than predicted surface deformations. In contrast, surface 

deformations observed at Dixie Valley, Okuaizu and Hijiori are considerably larger than expected. 

The observed smaller surface deformations are straightforward to explain because: (i) we use 

current (2014) maximum operational capacity, which may be larger than the actual capacity over 

the same period; (ii) only a single Mogi source is modeled for each example; and (iii) decoupling 

of the spherical reservoir from the elastic crust is not considered. Accordingly, result of smaller 

surface deformation observations than predicted in the Brady Hot Springs and Coso geothermal 

fields are both easily explicable and, moreover, the similarities of their magnitudes implies that 

thermal contraction plays a significant role in inducing the large observed surface deformations. 

The results for Dixie Valley, Okuaizu and Hijiori, however, clearly show the need for another 

significant deformation source in addition to thermal contraction of a spherical reservoir. 

Considering the extensive network of faults (typically several kilometers in horizontal extension) 

in these reservoirs, the large deformations suggest the necessary involvement of systematic shear 

reactivation in inducing the large surface deformations.  
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Figure. 12. Comparison of expected maximum surface deformation due to thermal contraction (red dashed 

circles) and observed maximum deformation (blue solid circle). The large gap between predicted and 

observed values in Dixie Valley, Okuaizu and Hijiori implies the probable involvement of shear offset to 

produce the large observed surface deformation. 

 

We further note that the inversion of surface deformation to constrain subsurface volume changes 

often requires a shallow depth for the deformation source; for example, this is the case for Hijiori, 

Okuizu, Brady Hot Springs and Dixie Valley (Vasco et al., 2002; Ali et al., 2016; Foxall and Vasco, 

2003). In fact, slip on finite planar faults may also explain the observation of a shallow source – 

dislocation slip on planar faults produces more intense surface deformation than shallower volume 

changes from a spherical source (Fig. 11), and fluid-pressure-induced fault reactivation is favored 

at shallow depths (Fang et al., 2015) because of lithostatic stress profiles within the upper crust. 

 

4. Summary and Conclusions 

We have reviewed and modeled surface deformation induced by cold-water injection in 

geothermal reservoirs through constrained isotropic volume change and injection-induced shear 

offset. The Mogi and Okada solutions developed here indicate that surface deformation associated 

with these processes, particularly those manifest as tilt and strain, can be readily detected with 

existing geodetic instruments and thus monitored in some detail. We assess spherical thermal 

contraction within the surrounding rock and illustrate the mechanism of permeability increase by 

cooling. Although constrained deformation and reservoir decoupling reduce the signal and thus 

limit maximum observable deformation, these are still sufficiently large to be resolved and 

deconvolved to describe reservoir behavior. For fully coupled deformation, thermal contraction 

induced by 20 days of heat production at a flow rate of 0.1 m3/s and temperature difference of 

100°C is resolvable for any source depth shallower than 5000 m (other assumptions: α=5×10-5 /K, 

(ρfCf)/(ρrCr)=2, Ehost=Eres and ν=0.25). If the source depth is 2500 m, then this would induce over 

10 nano-radians and 10 nano-strains of deformation, both of which are more than 10 times larger 
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the minimum detection limit of current geodetic instruments (tiltmeters and strainmeters).  If the 

far field stress is 50 MPa and the bulk modulus of the reservoir rock is 20 GPa, the assumption of 

coupled deformation is fully valid up to a thermal drawdown of 100°C (the system decouples at 

ΔT of ~110ºC). Furthermore, simple one-dimensional flow models illustrate that subsurface 

thermal drawdown behavior can be monitored and described in detail with surface or near-surface 

geodesy.  

In addition to volumetric deformation, an Okada slip dislocation model shows that surface 

deformations induced by fault reactivation have sufficient magnitude to be detected and monitored 

by surface geodesy in geothermal fields. Energy release from a single seismic event (as commonly 

observed in geothermal fields) is generally insufficient to induce large surface deformations, 

although repeated seismic and aseismic fault reactivations could generate a considerable net shear 

offset for a sizable fault surface, allowing it to be detected from surface geodesy. For example, 1 

mm slip offset on a 1000 m×500 m fault dipping at 60° at a center depth of 2500 m will induce a 

signal of ~10 nano-radians and ~10 nano-strains , which are well above instrumental detection 

limits.  

Significant surface deformations have been observed at active geothermal sites both with tiltmeters 

and with InSAR. Considering heat production rates and sizes of putative subsurface faults, the 

observed large surface deformation is likely the result of the combined influence of both thermal 

contraction and slip offset. Although the two mechanisms may act concurrently to produce surface 

deformation, their respective influence may be deconvolved from the temporal and spatial 

variation of the surface deformation. Geodetic measurements have a high potential to successfully 

image geothermal reservoirs, which in turn may be useful in understanding the evolution of their 

permeability structure. 
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Abstract 

In Situ Measurements with the Hot HPP Tool: The success of EGS requires both high-fluid-

throughput and thermally-long-lived geothermal reservoirs. High-fluid-throughput in traditional 

basement rocks requires that reservoir permeabilities at depth (~5km) must be elevated from the 

microDarcy to the milliDarcy range and with long thermal life. A long-thermal life requires that 

high heat-transfer area is maintained concurrent with high flow rates. This is only feasible if fluid 

circulation in the reservoir has a broad and even sweep through media with a short thermal 

diffusion length (small fracture spacing) thus avoiding thermal short-circuiting and damaging 

feedbacks of thermal permeability enhancement. Therefore permeability control is a key 

requirement to develop a successful EGS reservoir. Thermally-driven permeability evolution 

results from induced strains around fractures that, in turn, result from temperature change. These 

deformations are strongly dependent on parameters of the fluid and rock such as thermal expansion 

coefficient, thermal conductivities, flow rate, fracture stiffness and in situ stress field. Measuring 

and analyzing the deformations together with permeability evolution in situ will describe fluid 

flow and conductive thermal energy transport in the reservoir and provide essential parameters to 

effectively develop EGS reservoirs. Such direct measurements of fracture deformation with 

permeability evolution have been successfully conducted with the unique hydraulic pulse protocol 

(HPP) probe (Guglielmi et. al. 2015 a&b). However, the current tool is limited to ~10 MPa and 
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80°C and not yet readily applicable to a high pressure high temperature environment. Here we 

explore the potential developments needed to elevate tool performance to 100 MPa and 300°C and 

necessary experimental protocols to maximize data recovered. In this work we examine (i) 

expected fracture deformation and recoverable HPP tool signals in an EGS system and (ii) a 

strategy to upgrade the current HPP tool to be stable in an HTHP environment. Deformations from 

cold water flow into a fracture and the expected HPP response of the tool are investigated by 

numerical simulations. These results indicate that there are two modalities of deformation: (i) 

immediate (<10 seconds) pressure-driven dilation of the fault/fracture and (ii) a second delayed 

thermally-induced response of opening and slip. Observed deformations are analyzed with the 

theory for a soft inclusion (Eshelby, 1957) and indicate that thermally-induced unloading and 

consequent deformations are strongly dependent on the hydro-thermal-mechanical properties of 

the reservoir and fracture. Stress evolution and its magnitude is determined by the morphology of 

the cooled volume. A flat cooling ellipsoid centered on the fracture results in thermal cracking 

(opening in the direction normal to the fracture) while fracture opening enlarges as cooling 

proceeds. We show that the stress field in the chilled inclusion can be approximated by the 

temperature change without considering the external thermal gradient. The analysis of cold water 

injection for one month (fracture zone of 4mm thickness and 10 Darcy permeability) resulted in 

~3 mm of opening and ~6mm of slip. Expected HPP signals (deformations at ~30cm above the 

isolated fracture) are significantly larger than tool resolution confirming the utility of the tool to 

precisely measure the hydro-thermal-mechanical properties of the reservoir and to describe 

reservoir deformation behavior. Shear displacement signals are nearly identical to fracture surface 

deformation while normal displacement initially diverges from fracture opening reflecting thermal 

contraction of the reservoir between anchor and fracture surface.  

Tool Design: We review current cold-HPP tool capabilities and required upgrades for deployment 

in geothermal systems. The current displacement measurement system (fiber Bragg grating) is 

fundamentally stable at HTHP conditions while the deformation cage and current packer system 

are not. The deformation cage itself may not require significant modification in design except the 

aluminum body and cage-fiber adhesive may need to be replaced by materials with a high 

durability to elevated temperature. Current neoprene packers will not survive and considerable 

modification in design is needed. Existing HTHP off-the-shelf packers are reviewed and requisite 

revisions to adopt the packer mechanism in the current HPP tool are discussed.  

 

1. Introduction 

The success of EGS requires that high-fluid-throughput and thermally-long-lived geothermal 

reservoirs may be universally engineered and developed, at will. High-fluid-throughput in 

traditional basement rocks necessitates that reservoir permeabilities at depth (~5 km) must be 

elevated from the microDarcy to the milliDarcy range – this avoids untenable pumping costs and 

avoids inadvertently fracturing the reservoir by extreme fluid overpressures. Although fracturing 

would appear desirable in developing conduits with high-fluid-throughput, it typically violates the 

second tenet of a desired long thermal life. A long-thermal life requires that high heat-transfer area 
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is maintained concurrent with high flow rates. This is only feasible if fluid circulation in the 

reservoir has a broad and even sweep through media with a short thermal diffusion length (small 

fracture spacing) thus avoiding short-circuiting and damaging feedbacks of thermal permeability 

enhancement.  

Key needs in the successful development of EGS reservoirs are to (i) stimulate sufficient 

permeability to enable high mass flow rates while (ii) simultaneously retaining high heat transfer 

area via broad fluid sweep through the reservoir. This is straightforward in conventional 

geothermal reservoirs where initial permeabilities are both high (yielding high flow rates), broadly 

distributed, largely uniform and with relatively low sensitivity to changes in fluid pressure and 

hence effective stresses. This allows broad thermal sweep through the reservoir and muted 

feedback towards flow localization. However, the converse is true in EGS reservoirs – they begin 

with low permeabilities, must be stimulated to develop sufficient flow rates, and are then 

extraordinarily sensitive to flow-localization through the combined influence of fluid pressures 

and especially the reinforcing feedback of thermal-drawdown-induced stresses.  

In situ tests that can both make initial measurements of reservoir properties (permeability, 

frictional strength and stability….) and state (stress, pressure, chemical potential….) and constrain 

functional impacts of changes in temperature, pressure and deformation (THM) at prototype scale 

are crucial in projecting the evolution of the reservoir. Each of these characterizations requires an 

innate understanding of the strength and nature (reinforcing or ameliorating) of the feedbacks 

between permeability (H) and deformation (M) or seismicity, and the complicating role of 

ancillary factors such as temperature (T).  

Hydro-mechanical (HM) deformation response has been successfully characterized with 

permeability in field scale fault pressurization studies (Guglielmi et. at. 2015 a&b) with the unique 

borehole tool – the Hydraulic Pulse Protocol (HPP) tool. In such experiments, fracture dilation 

responds to applied pressures and measured injection rate and concurrent histories of displacement 

in normal and slip modes are clearly recorded. The current “cold-HPP” tool, however, has only 

been qualified in 20-to-50 m deep open boreholes, injection pressures up to 6 MPa and 

temperatures to 20°C. Therefore, an upgrade is mandated to deploy the tool in representative EGS 

systems. 

Thus, in this study, we assess the recoverable signals feasible from a hot-HPP tool and review the 

required upgrades to design for a hot EGS system. We first investigate anticipated fracture 

deformation signals resulting from cold water injection into a hydraulically isolated single fracture 

in a hot reservoir. We analyze the evolution of thermal stress/strain using the concept of an Eshelby 

inclusion and then recover the expected fracture deformation and HPP tool signal from numerical 

simulation. We then discuss the design of a high-temperature/high-pressure version of the HPP 

borehole tool – the Hot-HPP – to extend the range of the Cold-HPP-Tool from 6 MPa/70°C to 100 

MPa/>150°C-to-<300°C – suitable for deployment in typical EGS geothermal wells 

 

2. Protocols for In Situ Measurement 
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The HPP tool enables the measurement of (i) in situ stresses, and the dependencies of permeability 

on (ii) stress and (iii) temperature (THM). In all cases, the tool straddles a fracture that the borehole 

pierces with a hydraulically-isolated (packed-off) zone that may be pressurized. The testing 

perturbation is applied as a fluid pressure pulse in the isolated zone that may propagate into the 

formation and fault zone. The prescribed pressure history and related changes in the effective 

stresses and measured flowrates under prescribed injection pressures may be used to define the 

evolution of permeability with applied effective stress and monitored fracture dilation and 

displacement. Fluid-pressure-prescribed differential temperature (relative to the reservoir 

temperature) may be used to follow the evolution of permeability under thermal conditions and to 

follow themomechanical influences. Here we analyze the expected response of the HPP tool from 

pressure and temperature perturbations by both analytic and numerical methods.  

 

2.1 Thermal Stress Evolution with Cold Water Injection 

As discussed in Part I, thermally-induced stresses in geothermal reservoirs are typically large 

enough to surpass fluid pressure driven effects and may consequently induce tensional decoupling. 

Moreover, thermal stress evolves quasi-continuously and uniformly until the reservoir is thermally 

depleted while pressures are typically localized near the wellbore and bounded by injection and 

production pressures. Therefore although permeability evolution is initially generated by fluid 

pressurization, the following thermal unloading applies significant and continuous influence on 

permeability through the termination of geothermal field operations.  

In an infinite elastic medium, the stress/strain change within an inclusion can be represented by 

the Eshelby solution. Eshelby (1957) presented a the change in strain in a homogeneous infinite 

medium εc as,  

*c

ij ijkl klS    (31) 

where, Sijkl is the Eshelby tensor and ε* represents an unconfined environment. In an unconfined 

uniform system, all thermal shear strains are zero (ε*
ij=ε*

jk=ε*
ki=0) and normal strains are identical 

to the linear thermal strain. Therefore  

* 1

3
ii v T     (32) 

where, αv is the volumetric thermal expansion coefficient and ΔT is temperature change.  

Stress change induced by confined deformation (Eqn (1)) can be represented as,  

*( )c

ij ijkl kl klC       (33) 

where Cijkl is the elasticity tensor. 

The Eshelby tensor Sijkl is dependent on the shape of the inclusion. Fig. 1 represents ratios between 

the Eshelby inclusion solution and unconfined deformation of strain and stress changes of different 

aspect ratios (b/a) of a spheroid in an infinite medium with a Poisson ratio ν=0.2. Here ‘a’ denotes 
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the long axis of the spheroid (horizontal) and ‘b’ denotes the short axis (vertical) (see plot A). The 

resulting plots illustrate that when the inclusion is spherical (b/a=1), both stress and strain are 

approximately half of the unconfined value in all directions (the value depends on the Poisson 

ratio). Conversely, if the spheroid is flatter (b/a<1) then horizontal strain decreases and eventually 

becomes null, while vertical strain increases. Stress change responds in the opposite sense to strain 

such that a smaller strain change induces a higher stress change (See Eqn (3)).  

 

Figure 1. A: Inclusion geometry. B: Ratio between confined (Eshelby) Strain and unconfined strain. C: 

Ratio between confined (Eshelby) stress change and unconfined stress change. 

 

Fig. 2 shows the magnitude of thermal unloading recovered from the Eshelby solution. The green 

curve denotes the horizontal unloading and the red line denotes the vertical unloading induced by 

a temperature change. Results are in terms of the ratios of vertical and horizontal length of the 

cooled spheroid (same as Fig 1). Smaller (<< 1) ratios represent a flat geometry and unity 

represents a sphere. The plot shows that if cooling around a fracture is flat (b<<a), then the stress 

reduction mostly occurs in the horizontal direction. Conversely, if the cooling is spherical (b~a) 

then both the horizontal and vertical unloading become similar in magnitude. 

The calculated magnitude of the thermal stress change is significant, implying the likelihood of 

the evolution of a tensional stress and therefore the generation of a substantial change in 

permeability. For example, a stress change due to spherical cooling at ΔT=200°C induces a stress 

reduction of ~90 MPa. This is typically larger than the maximum in situ stress in geothermal 

reservoirs. The result shows that there is a considerable likelihood of the development of tensional 

stresses and in resulting fracture dilation and permeability increase. Induced tensional stresses 

generate two significant behaviors as illustrated in Fig 2 (left side) that: (i) horizontal unloading 

around the fracture may induce thermal cracking and (ii) vertical unloading may induce tensional 

opening. Note that the induced stress field is strongly dependent on the shape of cooling. Thermal 

cracking (cracks normal to the fracture) will be dominant when the shape of the cooling ellipsoid 

is flat and the fracture opening will become significant later as the cooling evolves to spherical 

shape. This observation of the “cooled-shape” dependency of the stress, strain and permeability 

response implies that both thermal conductivity and fluid flow rate are important properties in 

defining permeability evolution. 
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Figure 2. Thermal unloading evaluated from the Eshelby solution. Input parameters are: bulk modulus 

K=30GPa, Poisson ratio ν=0.2 and volumetric thermal expansion coefficient αv=3×10-5. The two 

illustrations (right) show schematic deformation patterns when stresses around a fracture become 

extensional.  

 

As briefly noted in Part I, the external temperature gradient does not strongly affect changes in 

stress and strain within the inclusion. Fig. 3 shows the result of steady state solution for a 1m 

spherical temperature drawdown (ΔT=-200°C) with large external thermal gradient (A) and small 

external thermal gradient (B). Both cases initially have a temperature of 220°C with an outer 

domain boundary (r1) with the same temperature (220°C). Two concentric spherical shells with an 

internal temperature boundary to represent the thermal gradient: (i) outer core (r2) with temperature 

220°C and (ii) inner core (r3) with temperature 20°C. In this case the steady state temperature 

solution can be divided into three layers: (i) interior shell (r<r1) with uniform temperature 20°C, 

(ii) intermediate shell (r1<r<r2) with temperature gradually changing from 20°C to 220°C and (iii) 

area beyond outer boundary (r2<r) with uniform temperature T=220°C. In Fig 3, case A represents 

a larger thermal gradient r2=20m and case B represents a small thermal gradient r2=1.5. 

Fig. 3 A-1 and B-1 shows the resulting strain response for the two cases. We use a volumetric 

thermal expansion coefficient αv=3×10-5 Ehost=Eres and Poisson’s ratio ν=0.2. With these 

parameters, Eqn (10) in part I (which is identical to the Eshelby solution since Ehost=Eres) is able 

to evaluate volumetric strain as 3×10-3. Both cases shows uniform volumetric strain within the 

inner core with a magnitude identical to the analytic solution εv=3×10-3 regardless of the size of 

the external thermal gradient. The result indicates that the external thermal gradient does not affect 

the stress/strain field inside the uniformly cooled reservoir. This implies that the stress, the strain 

and therefore the generated permeability change may be approximately estimated from the 

temperature change and the shape of cooled volume even without considering the external gradient. 

Thus, with these results, the complex response of thermally-induced permeability evolution can 

be approximated. 
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Figure 3. Steady state solution of temperature distribution with large thermal gradient (A) and small 

thermal gradient (B). A-1 and B-1 result in volumetric strain respectively to A and B.  

 

2.2 Normal/Shear Deformation and Measurement with the HPP tool 

Pressurization and thermal unloading results in the deformation of the reservoir. When the 

reservoir contains a discontinuity (fracture), both normal and shear deformations are expected on 

that feature. Gan and Elsworth (2014) investigated two modalities of fracture deformation - they 

are: (i) early time deformation induced by pressure and (ii) late time deformation induced by 

thermal unloading. Part I suggests a connection between surface deformation and thermal 

stressing in geothermal reservoirs. Thermal stress continues to evolve until the reservoir is fully 

depleted. However, pressure changes are typically concentrated during the early stages of injection 

and are typically localized to the near-wellbore region. These observation suggests that the 

permeability field initially evolves in response to changes in pressure and is then controlled by 

thermal stressing.  

 

2.2.1 Simulation Method 

We follow the thermo-hydro-mechanical (THM) response using the ToughtReact-FLAC3D 

coupled simulator (Taron and Elsworth, 2009) for a total period of 3×106 s (~35 days). The model 

geometry is illustrated in Fig. 4 and the parameters used in the simulation are listed in Table 1. 

The domain represent ¼  of the cylindrical reservoir with a height 200m and radius 100 m. A 

wellbore is placed at the center with a radius of 10 cm. Isotropic normal stresses 35 MPa and a 

shear stresses of 10 MPa (x-z plane) are applied. Fixed displacement is applied on the outer 
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reservoir boundaries and roller boundaries are applied on the inner reservoir boundary (z=0 and 

y=0). Initial fluid pressure is uniform 10 Mpa.  

Two different properties are assigned in the reservoir to represent both: (i) matrix elements and (ii) 

fracture elements (Fig. 4). The matrix elements have high modulus (30 GPa) and are fully elastic 

(no failure). Conversely, the fracture elements have a low modulus (30 MPa) representing 

compliant response and fail with a tensional stress of 0.5MPa. These elements are represented by 

a Mohr-Coulomb criterion with a friction angle of 35° and with cohesion of 0.1 MPa. The fracture 

elements represent a thin fracture zone with a thickness of 4mm (2mm half aperture). Fluid flows 

almost exclusively into the fracture element due to an extremely small permeability (1 nano-Darcy) 

of the matrix elements. In this model, to focus on observing the thermal effect and to implement a 

uniform flow rate, a constant permeability is assigned without coupling with aperture. Therefore 

once the pressure field becomes steady state in the initial stage, the pressure in the fracture reaches 

a steady state. We test two cases of injection pressures (15 MPa and 30 MPa) to analyze the 

response from two different combinations of flow rate and thermal conductivity.  

 

Table 1. Input parameters for the simulation. Fluid properties are calculated in ToughReact EOS. 

 

 

Figure 4. Model geometry. Simulated reservoir is ¼  of cylindrical reservoir with 200 m height 

and 100 m radius.  

Property Value Property Value 

Reservoir Temp. 200ºC Matrix Permeability 1 nano-Darcy 

Injection Temp. 30ºC Fracture Permeability 10 Darcy 

Rock Density 2480 kg/m3 Matrix Bulk Mod. 30 GPa  

Specific Heat of Rock 1200 J/kg Fracture Bulk Mod. 30 MPa 

Heat Conductivity 3000 /K Initial Pressure 10 MPa 

Volumetric Therm. Exp.  3×10-5 /K Injection Pressure 15/30 MPa 

Normal Stress 35 Mpa isotropic Friction Angle 35° 

Shear Stress x-z 10 MPa Cohesion 0.1 MPa 
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2.2.2 Simulation Results 

Fig. 5 shows the displacement of the fracture wall resulting from the injection of cold water into a 

fracture that reaches to 30m from the wellbore (see box in A-1). Shown are displacements of one 

side of fracture - total offset is double. The results illustrate that the initial opening is due to 

pressurization and that late time response is due to thermal opening and slip. Initial normal opening, 

due to pressurization, is ~0.08 mm at 15 MPa and ~0.34 mm with 30 MPa injection pressure. The 

magnitudes are near-proportional to over-pressures from the initial pressure (5 MPa and 20 MPa), 

showing that the dilation is an elastic response modulated through the fracture compliance. The 

pressure response at the very beginning of the injection stage (~10 s) represents steady state and is 

static.  

The thermal response of both normal and shear deformations are significant and detectable after 

104 seconds (~2 h). Both cases show a maximum normal displacement of ~1.5 mm (total ~ 3mm) 

and a shear displacement of ~3 mm (total ~6 mm) after about one month of injection. Unlike the 

normal displacement profile, the shear displacements are not symmetric with the peaks shifted 

slightly to the left due to thermal contraction and resulting lateral translation of the medium.  

 

Figure 5. Normal and shear displacements near (30 m radius) the wellbore. A-1 and A-2 show normal and 

shear displacement induced with an injection pressure of 15 MPa and B-1 and B-2 show normal and shear 

displacement induced with an injection pressure of 30 MPa. The inset in A-1 illustrates the location of the 

plotted deformations within the reservoir. 

 

Although in the 30 MPa case the injected volume is ~4 times larger, the maximum magnitude of 

the temperature induced displacements are similar in both high pressure and low pressure cases. 
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This result represents the control of the cooling shape on the evolution of the stress field. Fig. 6 

shows the temperature distribution within a radius of 30 m of the wellbore after both 1 day and 36 

days and subject to each injection pressure. The distribution clearly shows that the total cooled 

area is larger for the 30 MPa injection pressure and the resultant shape of the cooled zone is also 

much flatter than that for the 15 MPa injection. The Eshelby solution (Fig. 1-C) indicates that the 

magnitude of the normal unloading for the flat ellipsoid (low b/a)  is smaller than that for spherical 

cooling. For example, if the cooled shape is absolutely flat (b/a~0) then the reduction in the fracture 

normal stress becomes negligible. Note that the driving mechanism of both normal and shear 

deformations in this simulation is the cooling-induced reduction of the fault normal stress. 

Therefore, even with an injection volume 4 times larger, the maximum displacement responses are 

similar. However, the radius of the deformed area is larger for the larger injection volume.  

The temperature distribution shows that the shape of the cooled zone is flat in both cases. This 

implies that there will be a significant reduction in the horizontal stress. In the simulations, the 

horizontal stresses in both cases evolve to approximately +50 Mpa (tension) around the wellbore. 

Although the matrix elements in this simulation are not allowed to fail, such a magnitude of 

tensional stress should generate thermal cracking (Fig 2) – vertical fractures normal to the mail 

horizontal fractures would result in increased vertical permeability. In addition, the evolution of 

the temperature distribution indicates that the aspect ratio b/a of the cooled spheroid increases with 

time. This implies short-term thermal cracking will initially develop on the fracture and normal 

opening will become significant as cooling progresses. 

 

 

Figure 6. Temperature distribution after 1 and 36 days of injection at A: 15 MPa and B: 30 MPa injection 

pressure.  

 

Fig. 7 illustrates the time dependent displacement of the HPP probe at the anchors and at the 

fracture wall during the 36 days of the simulation. The position where the displacements are 

measured in the model is illustrated in Fig. 7 C. Since the HPP measurements are based on the 



41 

 

relative displacement between the anchors set both above and below the fracture, the HPP tool 

response can be represented as a displacements measured 0.3 m offset (above and below) from the 

fracture wall. The solid line denotes the normal displacement, the dashed line the shear 

displacement, blue line the fracture wall displacement and the orange line the anchor displacement. 

Note that all displacements represent only the upper reservoir. Therefore total opening and shear 

displacements should be these magnitudes, doubled.  

Observed magnitudes of all displacements are significantly greater than the HPP resolution. 

Opening and shear displacements are larger than 1 mm at the fracture wall. Initial pressure-induced 

fracture dilations are ~0.08 mm and ~0.34 mm which are significantly larger than the tool 

resolution of ~1µm. Thermally induced shear and normal displacements reach the scale of several 

mm. The tool response of the shear displacements behave similarly to the displacement of the 

fracture wall. However normal displacements shows significantly different responses between the 

HPP response and that at the fracture wall. At ~103~104 s the two behaviors decouple as the 

displacements at the fracture wall begin to increase (fracture opening) while the HPP response 

begins to decrease. This HPP response reflects thermal contraction in the system. This is despite 

the fracture dilating. The overall displacement of the anchor is in the opposite sense to that of the 

fracture wall due to thermal contraction of the reservoir between the anchor and the fracture. After 

sufficient time (2~3×105
 s), when the thermal front reaches the position of the HPP anchor, the 

response of tool and fracture are synchronous. This observation identifies that the HPP tool 

response represents the aggregate in situ thermal properties of both rock (thermal expansion 

coefficient and thermal conductivity) and fracture (stiffness, stress state and shear dilation). Thus 

the tool signal must be deconvolved to define the response of the fracture, in isolation – as this 

will define the permeability evolution of the fracture – the key measurement defining behavior of 

the system.  

 

Figure 7. Wellbore response of fracture wall and HPP anchor. Each response is denoted as blue: fracture 

wall, orange: HPP tool response, solid line: fault opening displacement and dashed line: fault shear 

displacement.  

 

3. Engineering Design of the Hot-HPP Tool 
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The current Cold-HPP-Tool is a unique packer system that allows a zone of a borehole to be 

hydraulically isolated by packers to allow standard fluid injection tests. A unique feature of the 

instrument is that it precisely measures deformations that occur as a result of the fluid injection 

and therefore enables the deconvolution of complex THMC effects that are key in defining the 

evolution of geothermal reservoirs. These deformations are measured both along the axis of the 

borehole and across the borehole allowing the full deformation tensor to be determined. Thus, this 

allows active injection and fault reactivation experiments to be conducted while fluid pressures are 

maintained and flow rates measured. As such, the tool allows both in situ characterization of hydro-

mechanical properties at appropriate (field) scales and under in situ conditions, but also potentially 

allows resolution of the stress regime. In addition, this allows frictional characteristics to be 

determined along fractures by conducting miniature fracture slip experiments (e.g. Gugliemi et al., 

2015 a&b). These data are crucial in constraining models for coupling stress to permeability and 

in defining important characteristics related to induced seismicity. The Cold-HPP has been 

extensively validated in these modes (e.g. Gugliemi et al., 2015 a&b). 

 

3.1. Existing Cold HPP Tool Prototype and Principal Refinements 

The existing Cold-HPP-Tool prototype has been qualified in 20-to-50m deep open boreholes in 

fractured shales and in carbonates, showing that sub-micron-scale displacements may indeed be 

captured with high resolution on fractures stimulated at injection pressures up to 6 MPa and 

temperatures to 20°C.  

The Cold-HPP-Tool comprises a double-packer assembly separated by a 1-to-2.4 m long straddle 

with a displacement-measuring cage placed at mid-separation between the packers (Fig. 8). The 

cage is a 0.5 m long and 0.1 m diameter cylindrical element. At its upper and lower extent, the 

cage is attached to two rings that can be anchored to the borehole wall and straddle a fracture. Thus 

the cage is decoupled from the remaining straddle element and may record the deformation of the 

borehole on either side of a fracture transecting the borehole (Fig. 8). The key idea is that the cage 

is designed to deform in a way that captures the three-components of the displacement of the 

fractured borehole wall. All deformations and pressures are measured via fiber Bragg gratings and 

as such are substantially immune to temperature effects. Crucially, the DAQ and interrogation 

equipment is up-hole and remote from potentially high down-hole temperatures.  
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Figure 8. The HPP tool (center) comprises an upper and lower packer (grey) that isolates a zone allowing 

the forced injection of water (blue arrows) under pressure. A deformation cage (green) is clamped to the 

borehole wall and measures relative deformations axial-to and across (shear) the borehole. This central zone 

precisely measures relative displacements in shear and in dilation and is the essential component of the 

instrument shown on the tool itself (right).   

 

Key design upgrades to push towards an Hot-HPP-Tool include (i) exchanging latex packers to 

different packer technology (150°C-to-300°C and 30 to 100 MPa), (ii) refining the displacement-

measuring cage to allow deployment in deep boreholes (100 MPa), (iii) ensuring measurement of 

pressures and displacement-cage strains at high temperatures (150°C to 300°C) and (iv) deploying 

and recovering the tool via an armored umbilical or by coiled tubing (3 km). 

The Cold-HPP-Tool consists of a packer, an anchor and a deformation-measuring unit. Since the 

tool measures the relative displacement between anchors that straddle a central fracture, the anchor 

must attach firmly to the borehole wall. Therefore the anchor-deformation unit is mechanically 

decoupled from packer-straddle so that the stiffness of the straddle coupling will not apply extra 

load on the anchor grip. A simplified design for this system would be to use the packer to perform 

both zonal-isolation and cage-anchoring functions and to then calibrate-out the strain that may be 

induced by the pressurization of injection chamber. This would incorporate the cage-anchoring 

task into packer deployment/recovery, thus eliminating one task and an additional hydraulic line 

(the anchors in the Cold-HPP-Tool are hydraulically deployed) and simplifying overall operation 

of the probe.  

To further upgrade the Cold-HPP-Tool to survive at 100 MPa/150°C to 300°C, several challenging 

problems need to be solved. Fortunately, the fiber Bragg gratings (FBGs) that measure straining 

of the displacement cage, are stable at high pressure and high temperature. However, the adhesives 
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that are currently used to fix the strain gauges to the deforming cage are not durable to temperatures 

>110°C. The interrogation of these FBGs are by an up-hole/surface tool. Similarly, the main 

functions of the HPP-Tool (anchoring, deploying packers and measuring strains) are not 

electrically actuated. However, the current packer and anchor would not survive in an HPHT 

environment and must be replaced by suitable materials.  

Alternatively, the use of downhole refrigeration may also be considered. Dewar-based subsurface 

cooling systems (with cryogenics) have been successfully deployed to protect delicate image-

logging tools (Massiot et al, 2015). Refrigeration provides the option to deploy delicate electronic 

devices or electric pumps (for subsurface control) downhole – and could allow the existing Cold-

HPP with its complex controls to be deployed with only minor modification. However, the 

deployment will necessarily be for limited duration and this will significantly increase the 

complexity of tool (feasible deployment for 10 hours at 275°C, Massiot, 2015). Conversely, in the 

absence of refrigeration, making the tool simpler and more robust will require a significant 

modification in the design, but ultimately will simplify repeated deployments and operation.  

The following identifies key design considerations in transforming the Cold-HPP-Tool (6 

MPa/70°C) into one capable of operating to 100 MPa/>150°C-to-<300°C - the Hot-HPP-Tool. 

 

3.2 Selection of Packers for Integration in the HPP-Tool 

A durable packer assembly that substitutes for temperature-vulnerable elastomers is a primary 

need for the hot tool. The essential functions of a packer required for Hot-HPP operation are (i) 

high temperature (~300°C) durability for several hours (ii) high maximum differential pressure 

and (iii) retrievability. In addition a high inflation grip and high relative stiffness are highly 

desirable functions so that the packer can also serve as an anchor. Combining the packer and 

displacement-cage would both simplify the tool and make it more robust.  

There are several commercial packers that survive to temperatures of >300°C. Those commercial 

packers, however, are not readily applicable to the current Cold-HPP-Tool design due to difference 

in operation. The Cold-HPP uses Bimbar-type packers that inflate/deflate with fluid 

pressurization/depressurization via a pressurized tubing connection – typically actuated from the 

surface/borehole-collar. Conversely, commercial high temperature packers operate by dropping a 

ball along a coiled-tube umbilical with this ball seating into a collared-constriction at the packer 

base. Subsequent pressurization of the umbilical then inflates the packer (Fig 9), the ball acting as 

a recoverable plug. This ball-drop technique is well-proven and widely-used in the subsurface 

service industry and could be used to both improve the robustness and operational reliability of 

the packer/cage assembly. However, adopting his technique will necessitate a complete redesign 

of deformation-measuring cage if affixed to the packer – as proposed. Although not common, off-

the-shelf high pressure and retrievable packers offer a straightforward solution.  
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Figure. 9. Ball-drop packer inflation system. Packer in red. Pressurized stream (right) in green. (figure from 

Tam International). 

 

Some HNBR (Hydrogenated nitrile) packers will operate to 150°C with a low expansion ratio, and 

packers with operational temperatures to 300°C are available from at least three suppliers with two 

of these being retrievable (Packer-Plus Inferno packers-315°C, Schlumberger MH Thermal 

packer-343°C). These packers would require to be tested at high temperature from >130°C to 

<300°C in the laboratory, to estimate the limiting conditions that satisfy both the anchoring and 

the sealing roles that packers must play during the HPP-Tool testing procedure.  

 

3.3 Deformation-Measurement Cage Design 

To meet the requirements for the Hot-HPP, a deformation cage should be re-designed to measure 

micrometer-to-millimeter displacements of a borehole wall interval pressurized up to 100 MPa 

with water temperatures to 300°C, and injection rates of 0.1< to ~40 L/Min. The main function of 

deformation cage (fiber Bragg gratings) is to survive in the required HPHT environment. However, 

different from the current cage on the Cold-HPP, it is desirable that the new cage is milled from a 

single solid metal cylinder – the exact composition guided by needs of durability and the design 

environment.  

Additionally, although no significant modifications are anticipated to this system, testing different 

adhesives that maintain the strain gauge coupling to the deforming cage at high temperature and 

high water pressure is required.  

 

4. Conclusions 

We explore mechanisms of deformation induced by the injection of cold water into a single 

fracture and the expected signals that may be recovered from the HPP tool. The impacts of thermal 

stress are evaluated as an Eshelby inclusion. These results indicate that the induced stress fields 

are strongly dependent on the shape of the cooling envelope. When cooling is of the form of a flat 

spheroid encasing the horizontal fracture, thermal unloading is a minimum in the vertical direction. 

This minimizes the aperture increase while the unloading is maximum in horizontal direction 
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(fracture parallel) and may generate vertical thermal cracking normal to the horizontal fracture. 

Conversely, as the spheroid becomes progressively equi-axial, the, magnitude of the vertical 

unloading becomes significant, opens the main fracture and may eventually generate normal 

(tensional) opening. This result indicates that the evolution of the stress field and permeability in 

an EGS reservoir will be strongly dependent on not only the thermal expansion coefficient and 

change in temperature but also shape of cooling that is dependent on fluid flow rate, thermal 

conductivity and duration of cooling.  

Thermally-induced deformation is further analyzed with numerical simulations using two different 

injection pressures. Simulation results illustrate an initial immediate opening due to the 

pressurization of a compliant fracture and following slow but continuous thermally-induced 

opening and shear deformation. Anticipated HPP signals (deformations measured at the anchor 

points at 30 cm above and below the fracture) are significantly larger than tool resolution 

confirming the utility of the tool to precisely measure reservoir hydro-thermal-mechanical 

properties and to describe reservoir deformation behavior. The normal displacement signal 

recorded from the HPP tool will initially be one of compaction (until 2~3×105 s) reflecting the 

thermal contraction of the reservoir rock rather than the behavior of the fracture. This signal will 

then change to one of dilation reflecting the true fault normal opening response. The phantom 

compactive response must be corrected to determine the fracture response, or reduced by migrating 

the tool anchor points closer to the fracture. Conversely, the shear deformation signal always 

directly replicates fault wall shear deformation. These normal and shear deformation and signal 

behaviors are strongly dependent on the combination of flow rate, thermal conductivity, thermal 

expansion coefficient and test duration. Calibrating HPP tool response with permeability evolution 

will provide essential parameters to define the evolution of geothermal reservoirs.  

Current HPP tool capabilities and necessary upgrades for deployment in geothermal systems as 

the Hot-HPP tool are also evaluated. The fiber Bragg gratings (FBGs), that measure strain in the 

displacement cage, are stable at high pressure and high temperature since the interrogating device 

is retained outside the hot zone. However the packer and deformation cage of the current tool will 

need to be replaced or redesigned. We review several off-the-shelf HTHP packer options. 

Although several functions such as test duration or retrievability need to be further evaluated, a 

number of commercial HTHP packers exist that meet the design requirements. For the deformation 

cage, a different alloy and cage-fiber adhesive combination are required. Although the cage itself 

may not require significant modification or redesign, except for the substitution of materials, 

adopting an off-the-shelf packer may require the entire tool to be re-designed to comply with the 

operation and control system of a commercial packer system. 
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