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ABSTRACT 

The EGS Collab project performed densely-monitored rock stimulation and flow tests at the 10-m scale in the Sanford Underground 

Research Facility (SURF) in Lead, South Dakota to inform challenges in implementing enhanced geothermal systems (EGS). This project, 
supported by the US Department of Energy, gathered data and observations from the field tests to understand processes and to build 

confidence in numerical modeling of the processes. The project was organized into three sets of field experiments. Experiment 1 examined 

hydraulic fracturing at a depth of approximately 1.5 km in a well-characterized phyllite. Geophysical monitoring instrumentation installed 

in six of eight sub-horizontal boreholes was used to monitor stimulation events and flow tests. The other two boreholes were used to 

perform and carefully measure water injection and production. More than a dozen stimulations and nearly one year of flow test s were 
performed. The stimulation and dynamic flow tests allowed for the collection and analysis of detailed observations of processes . Flow 

tests of ambient temperature and chilled water injections were performed with intermittent tracer tests to examine system behavior. We 

achieved adaptive control of the tests using close monitoring of rapidly disseminated data and near-real-time simulation. Numerical 

simulation was critical in answering key experimental design questions, forecasting fracture behavior, and analyz ing results. We were 

successful in performing many simulations in near-real-time in conjunction with the field experiments, with more detailed simulations 

performed later. 

Experiment 2 examined hydraulic shearing in an amphibolite test bed at SURF at a dep th of about 1.25 km with stress and fracture 

conditions that are different from Experiment 1. Approximately five fracture set orientations were encountered and the testbed was 

designed accordingly to maximize the likelihood of shear stimulation. The testbed, designed for primarily remote operation, consisted of 

nine boreholes, in addition to two earlier-drilled characterization boreholes. Four boreholes contained grouted-in geophysical instruments, 
and the other five open boreholes were adaptively used for injection, production, and geophysical monitoring. Experiment 3 was performed 

in the same test bed as Experiment 2 and consisted of investigating various stimulation strategies, ultimately resulting in connecting the 

injection and production boreholes with hydraulic fractures. After creating a flow-through system, ambient-temperature and chilled water 

flow tests were performed with intermittent tracer tests to help understand flow and heat transfer in the system. Numerical s imulations 
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were used to design each of the experiments and in turn were validated using the comprehensive monitoring datasets that were collected 

during each of the field experiments.  

1. INTRODUCTION  

Enhanced or engineered geothermal systems (EGS) offer tremendous potential as an energy  resource supporting the energy security of 

the United States, and implementation is being examined worldwide. Estimates exceed 500 GWe for the western US, surpassing the 

resource base hosted by conventional hydrothermal systems (Williams et al., 2008), and up to an order of magnitude larger including the 
entire United States (Augustine, 2016). Implementation of an EGS will typically require stimulation to generate appropriate in-situ 

conditions allowing communication among multiple wells. Techniques to perform these stimulations require greater understanding for 

implementation. Additional improvements needed for implementing EGS include improving imaging and monitoring techniques for 

permeability enhancement and evolution, understanding and managing associated seismicity, improving technologies for zonal isolation 

for multistage stimulations under elevated temperatures, developing technologies to isolate zones for controlling fast flow paths within 
the reservoir to reduce early thermal breakthrough, and developing scientifically -based long-term EGS reservoir sustainability and 

management techniques.  

The approach of the EGS Collab project was to refine our understanding of rock mass response to stimulation using accessible deep rock. 

We performed 10-m spatial scale experiments under stresses relevant to EGS (at 1.25 and 1.5 km depth) in crystalline rock. Our tests and 

analyses were performed to support validation of thermal-hydrological-mechanical-chemical (THMC) modeling approaches. In addition, 
the EGS Collab project tested and improved novel and conventional field monitoring tools. By  observing system behavior during our 

experiments, we gained insight into permeability enhancement and evolution in crystalline rock. These observations and interp retations 

provide understanding of creating sustained and distributed permeability for heat extraction in an EGS reservoir by generating new 

fractures that complement existing fractures.  

The project consisted of three multi-test experiments to increase understanding of 1) hydraulic fracturing (Experiment 1 E1), 2) shear 
stimulation (Experiment 2 – E2), and 3) other stimulation methods in Experiment 3 (E3). Modeling supported experiment design and 

observation interpretation. Post-test modeling and analysis were performed to examine the effectiveness of our modeling and monitoring 

tools and approaches. This is to allow building confidence in and improving the array of modeling and monitoring tools and approaches.  

The EGS Collab experiments were conducted at the Sanford Underground Research Facility (SURF) in Lead, South Dakota (Heise, 2015). 

SURF maintains and upgrades underground facilities at multiple depths in a variety of rock types remaining from the former Homestake 
gold mine for scientific investigation. SURF hosts a number of scientific projects ranging from collection and analysis of rock and water 

samples for biological investigation, to enormous infrastructure-intense multibillion dollar physics experiments. EGS Collab E1 was 

performed at 1.5 km depth (the 4850-foot depth level) as shown in Figure 1. E1 tests established a fracture network using hydraulic 

fracturing that connects an injection well and a production well (Kneafsey et al., 2021a; Kneafsey et al., 2021b; Kneafsey et al., 2021c; 

Morris et al., 2018). More than a dozen stimulations were performed and the injection and production boreholes were connected (White 
et al., 2019). Flow tests using initially ambient-temperature water and then chilled water (as an analog to EGS) were conducted over the 

course of a year (Kneafsey et al., 2021b), and tracer tests were intermittently performed to understand flow conditions (Mattson et al., 

2019a; Mattson et al., 2019b; Neupane et al., 2020; Wu et al., 2019a; Wu et al., 2019b). Details of E1 have been extensively covered in 

previous publications† and we refer the reader to these works.  

E2 was intended to investigate shear stimulation. The testbed for this experiment is at 1.25 km depth (4100-foot depth) (Figure 1). This 
testbed is in the Yates amphibolite (a blocky, low permeability rock) with subsurface stress conditions different from those of E1 

(Ingraham et al., 2020). Based on information available at the time, several sets of analyses showed a reasonable probability of shearing 

if a sufficiently weak fracture with an appropriate orientation relative to the stress field were intercepted at the site (Burghardt et al., 2020; 

Dobson et al., 2018; Singh et al., 2019). Fractures and features observed at the drift wall were mapped, and a 10 m horizontal borehole 

(TH4100) and a 50 m vertical borehole (TV4100) were drilled. TV4100 penetrated an unexpected ~10m thick rhyolite layer within the 
amphibolite that is likely to be continuous and present beneath our test bed. Eighteen stress tests were performed in TV4100, eight of 

which used the Step-Rate Injection Method for Fracture In-Situ Properties (SIMFIP) tool (Guglielmi et al., 2015; Guglielmi et al., 2021a; 

Guglielmi et al., 2021b; Guglielmi et al., 2014) to quantify three-dimensional displacement during testing. These stress tests showed 

significant stress heterogeneity and lower than expected stress anisotropy (Ingraham et al., 2020). Instantaneous shut-in pressures (ISIP – 

providing an estimate of minimum principal stress) in the deeper amphibolite below the thick rhyolite layer were ~ 27.6 MPa (4000 psi), 
~ 18.6 MPa (2700 psi) in the rhyolite, and ~ 21.4 MPa (3100 psi) in the upper amphibolite (Kneafsey et al., 2021b). A sleeve fracture 

reopening test conducted above the rhyolite layer, together with the absence of borehole breakouts suggests that the most probable 

magnitude of the intermediate principal stress, which is subhorizontal, is between 30 and 40 MPa (Burghardt et al., 2022). Since the 

lithostatic stress at the site is approximately 35 MPa, this places the stress state as transitional between a normal faulting and strike-slip 

regime. Because of the low stress in the rhyolite and the complexity that it introduced, the E2 test bed is designed to be entirely above the 
rhyolite layer. More detailed descriptions of the geology, testbed characterization, and evaluation of stresses are cont ained in Kneafsey et 

al. (2022b). 
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Figure 1. Geologic model showing locations of the EGS Collab Testbed 1 (on 4850 L) and Testbed 2 (on 4100 L). Testbed 1 was 

developed entirely within a carbonate-mica phyllite of the upper Poorman Formation. Testbed 2 was developed within the 

amphibolite sequences of the Yates Member of the Poorman Formation. 

 

Figure 2. Borehole orientations for Experiment 2, oblique view. The thick blue object represents the drift (mine tunnel), the green 

line represents the injection well, red lines represent production wells, and yellow lines represent monitoring wells. Other 

than the vertical well TV4100, all wells are subhorizontal. Disks indicate natural fracture orientations that connect the 

injection and production wells and hotter colors indicate greater slip tendency. JS1 has a higher slip tendency than other 

fracture set orientations. 
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2. EXPERIMENTS 2 AND 3 TESTBED 

A detailed description of the E2 testbed is presented in Kneafsey et al. (2022c). Briefly however, nine ~10 cm diameter subhorizontal 

boreholes from 55 to 80 m deep were drilled for this experiment (Figure 2). Two pairs of monitoring wells containing grouted sensors fan 

out from a location in the Battery Alcove (AMU and AML) and a location in the drift (DMU and DML). An injection well (TC) surrounded 

by four open injection/production/monitoring wells (TU, TL, TN, TS) extend from Site B. Five joint sets identified in the testbed were 

considered in the analyses of hydraulic shearing (Burghardt et al., 2022). Well TC was oriented to optimally intersect fractures that were 
interpreted to be best oriented for shear stimulation while also avoiding the sub-horizontal rhyolite zone below the drift (Kneafsey et al.,  

2022c).  

Instrumentation for the experiment includes active seismic sources and sensors for Continuous Active Source Seismic Monitoring 

(CASSM) and passive seismic monitoring, a hybrid fiber-optic cable with single mode (strain – DSS, acoustic – DAS) and multi-mode 

fiber (temperature – DTS,), electrical resistivity tomography (ERT), and thermistors. These were deployed and grouted in AMU, AML, 
DMU, and DML (Figure 3). CASSM sources, an array of hydrophones, ERT electrodes and multi-mode fiber-optic cable for DTS were 

also deployed in TS. ERT and multi-mode fiber were deployed in TU, TL, and TN as allowed by experiment constraints. A new Downhole 

Robotic Stress Analysis (DORSA) tool measuring borehole displacement in six degrees of freedom was also constructed and co-deployed 

with ERT sensors in well TN (Figure 3). Stimulations could be performed in any of the wells emanating from Site B, with initial 

stimulations targeted for the central borehole TC. Initial stimulations used the SIMFIP tool to quantify multidirectional strain during 

stimulation, and subsequent stimulations were performed with other straddle packer sets.  

 

Figure 3. Plan view of geophysical monitoring borehole layout and sensor locations for E2. Coordinates are based on the 

Homestake coordinate grid system. 

2.1 Testbed 2 stress conditions 

Initial calculations were promising with respect to shearing some fractures in the rock (Singh et al., 2019), however later calculations  

based on more complete information indicated that the rock was less likely to shear, as maximum shear-to-normal stress ratios were about 

0.35, which is significantly less than the desired value of 0.6 (Figure 4, and Figure 5) (Burghardt et al., 2022).  Meng et al. (2021b) and 

Meng et al. (2022) conducted a series of laboratory tests on actual core samples from the 4100 level, and found that most of the tested 

sealed fractures did not fail at in-situ shear conditions. Additionally, for shear stimulation, the selected fracture set would need to be in 
pressure communication with the well and able to take water at a rate adequate pressurize a significant area of the fracture within the time-

frame of the stimulation, which did not occur.  
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Figure 4. Left - Equal angle lower hemisphere projection of poles of identified fractures in E2-TC, colored according to the mean 

shear-to-normal stress ratio under the hypothesis that the principal stresses are rotated from vertical/horizontal. Right - 

Equal angle lower hemisphere projection of poles of identified fractures in E2-TC under the assumption that the principal 

stresses are vertical/horizontal. Both plots are colored according to the mean critical shear-to-normal stress ratio (i.e., 

maximum friction coefficient that permits slip with zero cohesion). 

 

Figure 5. Geomechanical analysis informed by in-situ stress tests (Ingraham et al., 2020; Burghardt et al, 2022), borehole fracture 

mapping (Ulrich et al., 2018), and laboratory tests (Meng et al., 2021a; Meng et al., 2022), showing the initially expected 

and updated shear slip predictions at the E1 and E2 sites as a function of fracture orientation and critical slip pressure.  

Using the updated in-situ stress and fracture data from the exploratory boreholes (TH4100 and TV4100), an ensemble of 16,000 simple 

discrete fracture network stimulation, circulation, and heat recovery models were completed (Frash et al., 2022) using LANL’s open-

source Geothermal Design Tool (GeoDT) (Frash, 2021, 2022). The key outputs from this modeling effort include: 1. at injection at rates 

slower than 2 L/min, the fracture system could be diffusion dominated with flow distributed through the fracture network into the drift 
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and various monitoring wells. 2. At higher injection rates the relative proportion of flow into the production wells would favor TN, TL, 
TU, TS, other intervals of TC, and then other locations, in order from highest to lowest production rate. 3. At injection rates faster than 

40 L/min, the model predicts that the production wells would be overwhelmed and flow would predominantly occur from the mine drift. 

The circulation rate recommendations using GeoDT indicated an optimal range of 3 to 22 L/min (See below), estimated with the goal of 

achieving at least 10% thermal drawdown in the fastest flowing production well within six months  (Frash et al., 2022). Flow rates 

exceeding 5 L/min were not applied during the test because of observed water breakthrough to the drift. 

3. THERMAL MODELING 

3.1 Initial Temperature Field 

Experiments 1 and 2 were both conducted in rock volumes adjacent to a mine drift . These drifts were excavated during the mining activities 

of the Homestake Gold Mine, which began in the late 1870s and continued until 2001. Mining operations involved both dewatering and 

active ventilation, and the dewatering activities continued until June 10, 2003. At this point water levels rose from below t he 8000 Level 
(2450 m bgs), reaching the 4850 Level (1500 m bgs) around September 2007. Dewatering and ventilation activities resumed with the 

transition from mining operations to scientific research, and the 4850 Level (1500 m bgs) was reopened for access on May 13, 2009. A 

numerical model of the temperature field within the rock volume of E1 was developed and compared against temperature logs taken in a 

series of vertical kISMET boreholes (Oldenburg et al., 2020; Roggenthen & King, 2017). These simulations required the consideration of 

cooling of the drift walls via ventilation to accurately match the temperature logs. The resulting temperature field within rock volume of 
E1, a combination of radial cooling around the drift and the geothermal gradient, and the decreasing temperature gradient toward the drift, 

yielded a similar gradient in mechanical stress, which influenced the direction of fracture propagation during the stimulation stages of E1. 

It was anticipated that ventilation through the drift adjacent to the rock volume of E2 would have a similar impact on the temperature 

field. As this temperature field serves as the initial conditions for the chilled water test, an accurate accounting of this is was important. 

As with E1 (White et al., 2018), a series of numerical simulations were conducted and compared against DTS data from the monitoring 
boreholes (i.e., AM U, AML, DMU, and DML). As the battery alcove extends into the experimental volume, a 3-dimensional 

computational grid was used to model the temperature field. As with the simulations on the 4850 Level, the principal unknown was the 

thermal conductivity of the rock. A homogeneous rock thermal conductivity distribution was assumed for the simulations for both 

experiments. The computational domain is shown in Fig. 20, with the drift being considered as inactive grid cells allowing boundary 

conditions to be imposed on the drift walls. For an accurate match with the DTS records, it was necessary to impose a constant temperature 
on the main drift walls and a temperature gradient on the battery alcove walls, increasing in temperature with depth into the alcove. A 

rock thermal conductivity of 5.0 W/m K was determined to yield the best agreement with the kISMET borehole temperature logs in the 

graphite-rich phyllite rock of the E1 testbed (similar to reported Poorman measurements by  Blackwell (1967); Clark (1966)), which range 

from 3.3 to 4.9 W/m K), and a conductivity of 3.8 W/m K was found to provide good agreement with the DTS measurements  in E2, as 

shown in Figure 6 right. Blackwell (1967); Clark (1966) report thermal conductivity values for the Yates amphibolite ranges from 2.5 to 

3.8 W/m K. 

  

Figure 6. Numerical simulations with STOMP-GT of the temperature field with the E2 testbed, prior to the chilled-water 

circulation test. 

3.2 Thermal Breakthrough Prediction 

Thermal breakthrough predictions were completed to estimate the required injection rate that should induce at least a 10% decline in 

produced water temperature during the circulation test  estimated to be six months. However, we anticipated that faster breakthroughs 

would be beneficial for model validation, if safely attainable. Thermal breakthrough modeling was completed using: 1) Gringarten theory 
for heat extraction from rock, 2) STOMP-GT, and 3) GeoDT. All three analyses predicted similar required injection rates in the range of 

3 to 20 L/min to induce a 10% (or greater) reduction in the produced fluid temperature. The ideal flow rate depended on the distribution 
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of flow within the site where fast flow to a single production well could achieve thermal breakthrough more rapidly at a cons tant injection 
rate than flow through a more diffuse fracture network. Key sources of uncertainty that were identified by this modeling effort included 

unknown fracture heterogeneity, unknown flowing fracture network geometry, and uncertainty regarding the thermal conductivity  of the 

matrix rock. Of these, the unknown fracture geometry, and hence unknown heat transfer area, was the most significant and least 

constrained parameter with respect to predicting thermal drawdown behavior. 

  

Figure 7. Left Thermal decline predictive analysis with fracture permeability heterogeneity completed using STOMP-GT and the 

Gringarten Solution. Predicted minimum nominal flow rate to achieve thermal breakthrough within 6 months was 3 L/min 

injection rate. Right – Predicted minimum injection rate for thermal breakthrough as a function of injection rate into 

borehole TC. This plot shows results using GeoDT to account for uncertainty in the fracture geometry, flow paths, and 
thermal conductivity. Faster flow rates are preferable to ensure that breakthrough is observed within the  expected 6 

months duration of the experiment (Frash et al., 2022). 

4. EXPERIMENT 2 – SHEAR STIMULATION 

The E2 stimulation consisted of identifying the fracture most likely to shear and pressurizing it to at most 90% of the estimated minimum 

principal stress. These conditions would maximize the possibility of shearing while precluding hydraulic fracturing. The SIMFIP was 
placed with packers straddling this highest slip probability fracture (referred to as Zone 7, at depths of 192.4-200.3 ft), and the zone was 

pressurized to 2340 psi (approximately 90% of the minimum principal stress) for two weeks. Over the two weeks, the rock and fractures 

did not uptake a significant quantity of water (only tens of mL/day) which would be needed to induce shear. This result indicates that 

hydraulic shearing as a mechanism for fracture stimulation was unsuccessful in E2. Based on our experience, we can expect similar, but 

amplified difficulties when planning hydraulic shear stimulation at field sites where much less data are available. This attempt may have 
been complicated by the observation that nearly all of the fractures in the E2 testbed were mineralized. The mineralization resulted in 

fracture cementation inhibiting flow into the fracture and strengthening the fractures, limiting hydraulic reactivation. 

5. EXPERIMENT 3 –STIMULATION AND FLOW 

Following the attempt at shear stimulation at pressures below the minimum principal stress, additional stimulations were conducted where 

the pressure was permitted to exceed the minimum principal stress (Experiment 3 - E3). The stimulations were performed in three intervals 
in well TC working from the bottom of the hole upwards: 192.4 – 200.3 ft (Zone 7), 168.7-176.6 ft (Zone 4), and 145.0-152.9 ft (Zone 1) 

(Figure 8). The Zone 7 stimulation was performed at low flow rates ramping up from 3 mL/min to 400 mL/min with a total injected 

volume of 300 L. The Zone 4 stimulation was performed by cycling the pressure about the minimum principal stress (40 L total volume). 

The Zone 1 stimulation was performed by breaking the rock down at 1 L/min and extending the fracture at 5 L/min with a total injected 

volume of about 400 L. These stimulations (Table 1) are described in Kneafsey et al. (2022a) and selected observations from these 

stimulations are presented below.  

Table 1. Experiment 3 stimulations. 

Zone, Interval Method Volume Connects 

to/Interferences 

Dates Breakdown 

(psi) 

TC Zone 7 

192.4-200.3 ft  

Increasing flow 

from 0.003 L/min 

to 0.4 L/min 

300 L TN, TS (dripping), 

AMU 

4/11/22-4/12/22 3650 

TC Zone 4 

168.7-176.6 ft  

Cyclic (2800 < P < 

4500 psi) 

40 L TN, TL, and TS (a 

little) 

4/14/22 Not clear 
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TC Zone 1 

145.0-152.9 ft  

1 L/min, 5 L/min 400 L TN, TL, TS, and 

TV4100 
4/13/22 ~3400 psi 

TU Zone 3 

177.4-179.6 ft  

1 L/min, 5 L/min 1200 L TC, TN, and TL 5/5/22-5/7/22 5500 psi 

TC Zone 4 

165.5-167.7 ft  

2 L/min   5/19/22  

TU Zone 3 

177.4-179.6 ft  

   5/19/22 Set up flow test 

 

 

Figure 8. Stimulation locations in TC and early fracture intersections indicated by colored dots. Red - Zone 7, pink - Zone 4, blue 

- Zone 1. 

5.1 Stimulation 1 – TC Zone 7 – S low Flow 

The SIMFIP tool was left at the location in TC where it had held a pressure just below the minimum principal stress for Experiment 2. 

This stimulation initiated by pumping water at 3 mL/min into the packed interval on April 11, 2022 at around 17:00 UTC. Following 

breakdown, the rate was stepwise increased each ~80 minutes or more until a maximum flow rate of 400 mL/min was reached (Figure 9). 

The rationale for this approach was to propagate the fracture with as low of a flow rate as was practically possible so as to maximize the 

potential for activation of natural fractures. After several hours of pumping at 400 mL/min, breakthrough into the production wells 
(primarily TN with a drip observed from TS) was observed. Flows as high as 250 mL/min were recovered from TN (63% of the inflow 

rate). An elevated temperature spike in the DTS data in well AMU indicated that the stimulation intersected with well AMU at ~ 5:23 

UTC on April 12 (Figure 10). Spikes in strain can also be observed in some of the DAS monitoring systems at the same time and location, 

however changes in strain around that zone in AMU began at least 6 hours prior to breakthrough (Figure 11). The initial strain signal was 

somewhat diffuse with a larger zone, just below the location of the fracture, showing compressive strain. The breakthrough is evidenced 
by a more defined extensional signal (Figure 11 center). A slow drip of water from the AMU wellhead was also observed. The ERT data 

are consistent with the strain and temperature data (Figure 12). This figure shows a decrease in conductivity near the injection site. This 

decrease is likely caused by pressure in the packers squeezing water out of pores by the increased compressive stress adjacent to the 

borehole and fracture (Johnson et al., 2021). A decrease in conductivity is also observed near the breakthrough location in AMU. This 
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may also be caused by compression of the rock as shown by the DAS strain data prior to breakthrough. Additionally, water in well AMU 
increased conductivity and that is clearly observed in Figure 12. When it was determined that the fracture intersected the monitoring well, 

the injection was stopped, and outflows from production wells and E2-AMU decreased slowly with time. 

 

Figure 9. Pressure and flow for Stimulation 1 at Zone 7. Left, breakdown and initial fracture extension. Note: breakdown occurred 

with an injection flow rate of 3 mL/min. Right, continued extension, shut in, and alternating episodes of shut-in and well 

venting. 
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Figure 10. Temperature signal from the distributed temperature sensing (DTS) in monitoring well AMU showing a peak at a 

depth of about 35 m starting at about 5:30 UTC (white  arrows). Blue and red arrows indicate the depth of the fracture on 

the downgoing and upgoing section of fiber, respectively. These colors correspond to the blue and red timeseries traces 

shown in the bottom right. 
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Figure 11. Low-frequency DAS strain recorded along borehole AMU during Stimulation 1 in Zone 7. (Top) Injection pressure 
and flow rate; (Center) Low-frequency DAS strain recorded along the length of the fiber deployed in borehole AMU. Note 

symmetry around the bottom of the well. Arrows indicate extensional signals indicating fracture hits at a depth of ~34 m, 

recorded on both sections of the fiber. (Bottom) Strain at ~34 m depth at the time of the observed DTS spike (5:23 am 

UTC) for both sections of the fiber. 

 

DTS indicates intersection 
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Figure 12. Preliminary electrical resistance tomography image of the testbed during Stimulation 1. Several things are notable: 
near the injection interval, a shadow stress feature is observed (green). Increases in conductivity are observed near well 

TN carrying produced water, and AMU, which the stimulated fracture penetrated. 

Early on during this stimulation while the flowrate was very low (3 mL/min), the SIMFIP tool measured a consistent, mostly vertically 

downward displacement in short steps of few micrometers totaling about 20 microns starting at pressures between 2500 – 3000 psi, which 

is well below the breakdown pressure of ~3650 psi. At the breakdown at a pressure of ~3650 psi, an abrupt change in the directionality of 
the displacement of almost 90 degrees from mostly vertical down to north and slightly upwards occurred totaling about 5 micrometers, 

which was accompanied by a drop in pressure (with flow kept at a constant flowrate of 3 mL/min). This displacement was subsequently 

partially reversed, however an irreversible component in the direction of the initial step -wise displacements remained (Figure 13). The 

pattern of the displacements observed in combination with the initial pressure build up and subsequent drop could be an indication of the 

activation of a pre-existing fracture in a stick-slip-like shear mode preceding opening at breakdown and partial closing when pressure 

starts to drop again. The same step-wise displacement was not observed during later stages of the test. 

The initial movement of the rock during stimulation was not indicated by the DORSA probe located in the TN borehole several t ens of 

meters away. However, after flow was increased to 400 ml/min the DORSA started to exhibit a very linear but polyaxial contraction. This 

trend started to reverse after the injection was stopped (Figure 13). The contraction on the DORSA is in agreement with the negative strain 

measured by the DAS below the fracture intersection at 34m in AMU, indicating a compression of the rock mass. The DORSA was p laced 
far away from where fractures intersected TN, therefore only measuring secondary fracturing effects. Interestingly, the DORSA was 

ideally placed for the later stimulation of Zone 1 and clearly showed fracture opening of approximately 200 micrometers when the fracture 

intersected and passed borehole TN.  
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Figure 13. Displacements measured in TC and TN by the SIMFIP and DORSA probes during zone 7 stimulation.  

5.2 TU Stimulation 177.4 - 179.6 ft. Interval 

Simulations indicated that injection of fluid from TC would not be sufficient to observe a thermal breakthrough. Consequently, an attempt 

was made to stimulate a zone of borehole TU. TU was targeted for stimulation because it was the only well from which no significant 

production flow had been observed and it had a number of wells below it to possibly cage flow (Frash et al., 2018; Frash et al., 2021; 

Frash et al., 2020). On May 5, 2022, a stimulation was performed in TU (Figure 14) at a depth approximately aligned with Zone 4 of TC 
(see bottom panel of Figure 15 for injection parameters). Injection commenced at 1 L/min until breakdown was observed approximately 

1 min later. A peak pressure of ~5500 psi was reached and flow was subsequently increased to 5 L/min and held for roughly 4 hrs. During 

this time, pressure approached a steady state value of 4500 psi. The resulting fracture intersected TC, TN, and TL and outflow from these 

boreholes totaled approximately 25% of the injected volume.  

On May 6, 2022, injection into TU resumed at 5 L/min. While flowing into TU, the packer installed in TC was moved slightly because it 
appeared that a fracture from TC was impinging on the packer. Injection was then switched to TC at 2 L/min to identify whether flow 

from TC would be captured at TU. Outflow was measured from the packer intervals in TN and TU totaling ~35% of injection, representing 

a significant improvement in fluid recovery from previous TC injections. 

During this phase of stimulation, no intersections were observed with the grouted monitoring boreholes via DTS. However, this phase of 

injection did produce the first detectable seismic events beginning with the restart of injection at 5 L/min on May 6 (Figure 15). Due to 
the low signal-to-noise ratio of the seismic events, automatic processing during the entire experiment did not produce reliable locations. 

We therefore manually revised all phase arrival picks, added S-wave arrivals (these were not included in the automatic workflow) and 

relocated the seismicity before interpreting the results. Figure 15 shows the timing and location of seismicity during this time period. Only 

nine events were detected and were located generally above and towards the drift from the injection point. This is consistent with the 

observations of flow at the grouted wells and drift during previous tests.  
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Figure 14. Plot of the stimulation data for the 177.4-179.6ft interval in well E2-TU on May 5 and May 6. Upper plot is the pump 
rate and interval pressure in well E2-TU. Note that for the last injection cycle the flow was directed into the interval of well 

E2-TC while water was produced from well E2-TU (red box). The bottom three plots show the recorded flow rates from 

the packed-off interval, zone below the interval (Bot.), and from the well collar for wells TC, TL, TN. 

A plan view of the change in bulk conductivity caused by the TU-TC stimulations is shown in Figure 16. A positive conductivity anomaly, 

likely associated with an increase in porosity (i.e., fractures opening) appeared shortly after the TU injection on May 5th, with no further 
changes after the TC stimulation on May 6th. Alignment of the anomaly generally corresponds with the alignment of the microseismic 

events shown in Figure 15. Although the injection intervals in TC and TU were depressurized by May 7th, the positive conductivity 

anomaly persisted through to the next stimulation events in TU starting on May 17th.  
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Figure 15. Earthquakes detected during stimulation of the 177.4 - 179.6 ft interval of TU. The top two panels show the location of 

each event. The uppermost timeseries plot shows the cumulative number of events and their distance from the injection 

point, with dot color changing with time. The bottom timeseries plot shows the injection pressure and flow rate in psi and 

L/min, respectively. The time axis is in UTC. 
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Figure 16. ERT-based change in bulk electrical conductivity from pre-stimulation on May 05 12:00, to post stimulation on May 7 

00:00 (TU Zone 3). Increases in conductivity are likely caused by increases in porosity (e.g. , fractures opening), and 

generally align with microseismic event locations shown in Figure 15. Negative changes in conductivity associated with 

compressive porosity reduction adjacent to the positive anomaly are not shown.   

6. FLOW, TRACER, AND THERMAL CIRCULATION TESTING: 177.4 - 179.6 FT INTERVAL OF TU 

Following the flow tests in the 177.4 - 179.6 ft interval of TU, flow tests were conducted in TC Zone 1 and TC Zone 3 on May 17 and 

May 18 respectively. The TC Zone 1 injection occurred at a nominal flowrate of 5 L/min for 5 hrs, followed by the TC Zone 3 injection 

at a nominal flowrate of 5 L/min for 12 hrs. During the latter injection in particular, significant changes in bulk conductivity developed 

within the test bed. Positive changes in conductivity, which are indicative of increases in porosity (i.e., fracture aperture dilation), originat e 

near the Zone 3 injection point and extend north-northwest to connect to a nearly east-west trending anomaly that appears to extend to the 
drift outside of the ERT imaging zone. This general pattern of changes in conductivity is maintained for the remainder of the flow testing 

in TU as described below, including the saline tracer imaging and the final high-rate flow test. Negative changes in conductivity adjacent  

to the positive changes are presumably caused by compressive stresses that squeeze native pore water out of the rock and reduce pore 

space, thereby reducing bulk conductivity (Johnson et al., 2021). 

Following the flow tests in TC Zones 1 and 3, the 177.4–179.6 ft interval in TU was selected as the injection zone for a long-term flow 
test, tracer testing, and then a thermal circulation test consisting of injection of chilled water. Injection began on May 19, 2022 at 2 L/min 

before being increased to 3 L/min on May 24 and then 3.4 L/min on 5-26. On May 19 and May 20 while flowing, packers installed in TC, 

TN, and TL were incrementally placed at various depths to better isolate and capture flow. A failure in the flow system occurred on 6/4, 

which resulted in a two-week hiatus in testing before the system was brought back online for an additional month of circulation testing 

(Figure 17). 

Seismicity was again absent during the flow testing while injecting into TC, but resumed when injection was switched back to TU. Figure 

18 shows the location and timing of the detected seismic events. From the start of the flow testing into TU until the flow system failure,  

more than 150 events were detected. Until May 26, these events loosely defined a structure striking ENE and dipping SSW, broadly 

consistent with a sigma-3-normal fracture or series of fractures that intersect the drift near the entry to the battery alcove. 
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Figure 17. Top-tier parameters logged over the flow test. A - injection pressure, B – pump rate and two indications of the injection 
temperature, C – water production rates for the interval, bottom (below the interval), and collar regions of well TN, D – 

Temperatures in well TN in the packer interval and bottom, E – Water production rates from well TC from the interval, 

bottom, and collar, F – Temperatures in well TC in the interval and bottom, G – electrical conductivity of the injected 

water and produced water from the interval, bottom, and collar of well TN, and the interval and bottom of well TC. U and 

L mean upper and lower thermocouples that are at the top and bottom of the interval. P means pressure.  
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Figure 18. Earthquakes detected during flow testing into the 177.4 - 179.6 ft interval of TU. A and B show the location of each 

event. C shows the cumulative number of events and their distance from the injection point. D shows the injection pressure 

and flow rate in psi and L/min, respectively. The time axis is in UTC. E shows a plan view of a fracture fitted to the MEQs, 

and F provides a view parallel to the fitted fracture. 

The start of flow testing in TU also produced a complex pattern of fracture intersections with the grouted monitoring boreholes, as shown 

by temperature measured on the DTS system and strain recorded on the DAS systems. Figure 19 shows the change in temperature at all 

four grouted boreholes relative to May 18, before the flow testing in TU began. Increases in temperature indicate flowing fracture 

intersections and are most abundant in DML, which is consistent with a generally SSW dipping fracture trends. 

E F 
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Difference ERT (Figure 20) shows a significant increase in conductivity , particularly in the region of microseismic activity identified in 
Figure 16 relative to just prior to injection on May 19. Figure 16 shows only the change in conductivity due to the previous injection. In 

Figure 20, early times, (panels A through C) show TS is filling with formation water. Over this time period conductivity increases in the 

same location during the stimulation shown in Figure 16. Even though the time increment is small, the conductivity increases significantly 

from panels C to D when the flowrate is increased from 2-3 L/min. There is relatively little change that occurs over the two-week period 

of no flow. This suggests either much of the system remained pressurized during the outage, or that the changes are slow to dissipate. 

Regions of decreasing conductivity adjacent to the regions of increased conductivity are thought to be caused by compressive stresses.  

These data are also consistent with observations of seeps in the drift (Figure 21). At the beginning of the flow test, seeps into the drift 

were primarily in the area near the battery alcove. In general, ceiling drips appear in groups of multiple dripping points within ~10 square 

feet. These were subsequently collected by hanging tarps from the ceiling to a common collection p oint. Using tissue paper as a wick, 

wall weeps were collected to produce localized dripping points. As the test continued, seeps developed at locations south of the initial 

locations, and that trend continued over the duration of the flow test.  

The flow test was completed and transitioned to shut-in testing. The shut-in test data are analyzed and interpreted separately (Schwering 

et al., 2023). 

 

Figure 19. Change in temperature in each grouted borehole  during the circulation test in TU. Each borehole is represented by a 
waterfall plot with hot colors representing temperature increases up to 0.25°C and dark colors decreases. The fiber package 

is installed as a loop going into and then back out of each borehole, so the y-axes represent distance along the fiber from 

the point where it enters until the point where it exits each borehole , thus the top half and bottom half of each panel are 

near mirror images of each other. The injection parameters are shown in the bottom panel for reference. 
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Figure 20. ERT imaging sequence showing changes in bulk conductivity during the TU 177.4 - 179.6 ft injection. Baseline ERT is 

just prior to injection on May 19, so these results do not show the total change in conductivity, only the changes caused by 
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this injection. A-F show the change in bulk conductivity at the times indicated in G. From time A-C, it is apparent that TS 
is filling with formation water, and the same anomaly from the TC injections is developing. A large increase in conductivity 

occurs from times C to D when the flowrate is increased from 2-3 L/min. Changes during the two-week flow outage are 

imperceptible (compare D and E), suggesting much of the system remained pressurized during the outage. Note that TS is 

the only borehole that did not contain a packer: the increases in conductivity around TS are likely caused by infilling of 

TS with formation water. Negative anomalies adjacent to the positive anomalies are presumably caused by compressive 

stresses. TC may also be infilling as suggested by the elongated positive anomaly along TC in C-F. 

6.1 Tracer Tests and Water Balance 

Mattson et al. (2023) discuss the water balance and the behavior of tracers in the E2/3 testbed during the flow test. Fluorescein, rhodamine 

B (a sorbing tracer), and sodium chloride were used as tracers. Tracers were detected at a number of locations within the production wells, 

two grouted monitoring wells, ceiling drips, wall weeps, and the floor. Based on the tracers and bulk water measurements, Mattson et al. 
(2023) conclude that most of the injected water was collected, however a large fraction of the water entered the drift through the floor, 

where the ability to collect, quantify, and analyze water was limited to somewhat crude bulk measurements. Water measurements from 

ceiling drips and wall weeps suggest a dynamic flow system where drift outflows shifted location with time. Fluorescein tracer 

breakthrough curves were used to determine travel time to the production wells and various parts of the drift. These results suggest a main 

fast flow pathway from the injection point in TU to the alcove/drift intersection with a series of secondary fractures with slower transport.  

One tracer test will be briefly discussed here – the sodium chloride test. Throughout the flow test, the electrical conductivity of the injected 

water was changed in a step function as the reverse osmosis system was sy stematically turned on and off (Figure 17 G). The changes in 

electrical conductivity are observed in several of the production wells. It was hypothesized that the ERT system might also detect these 

changes, but the impact was smaller than desired. Injecting sodium chloride, however, could strongly affect the conductivity of the injected 

water. On July 26th, a saline tracer was injected into the TU 177.4 - 179.6 ft interval for approximately 8 hrs. Fluid conductivity of the 
tracer was approximately 75 times greater than the water the being produced to provide a high conductivity target for time-lapse ERT 

imaging. Figure 22 shows the change in bulk electrical conductivity caused by the tracer after the bulk conductivity had reached a steady 

state on July 27th. In the ERT difference image, the tracer appears to originate from TC at the location where a connection between TU 

and TC (TC Zone 3) was created on April 5th and 6th (Figure 8), suggesting a strong flow connection from TU to TC Zone 3. Tracer 

injected at TU 177.4 - 179.6 may not be visible in the ERT image due to poor data sensitivity in that location. However, from the injection 
point the tracer appears to travel in a well-defined path northwest toward well AMU, where the tracer then migrates southwest to the 

shallow regions of DML and DMU. The largest increase in bulk conductivity occurs near DML and DMU. The flow patterns indicated 

by the ERT imaging are consistent with observed outflows along the drift  as shown in Figure 20 and Figure 21. A smaller anomaly occurs 

in the north-eastern part of the image. This appears to emanate from tracer flowing into TS, and moves eastward and downward in the 

formation. 
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May 24, 2022 

 

June 1, 2022 

 

June 22, 2022 

 

July 5, 2022 

 

July 26, 2022 

 

August 15, 2022 

Figure 21. Subjective observations of drilling from the drift ceiling over time. Empty circles represent nonflowing collection 

locations, blue dots are initial collection locations, green dots represent increasing discharge over the previous observation, 

yellow - staying steady, and red - reduced discharge. 
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Figure 22. ERT Image of saline tracer distribution after injection at TU 177.4 - 179.6 ft for approximately 16 hours. 

7. LESSONS LEARNED AT THE SCALE OF OUR EXPERIMENTS, LESSONS APPLICABLE TO EGS AT THE FULL 

SCALE 

The motivation of the project was to build a collaborative experiment and model comparison project , allow data comparison to reservoir 

model predictions, and provide data for validation of predictions using ~10 m-scale field experiment data. The data were to include in-
depth fracture characterization and well-performed well-monitored experiments collecting high-quality data using comprehensive 

instrumentation. A goal was to elucidate the basic relationship between permeability enhancement and stress, seismicity, and other 

parameters. Secondarily, the EGS Collab Project was tasked with facing and addressing problems that will occur, and to improve tools 

for EGS for the prediction of EGS development and performance. We sought to achieve the objectives of the EGS Collab Project by 

studying rock mass response to stimulation using accessible deep rock. We performed 10-m spatial scale experiments under stresses 
relevant to EGS (at 1.25 and 1.5 km depth) in crystalline rock. Our tests and analyses were performed to support the validation of thermal-

hydrological-mechanical-chemical (THMC) modeling approaches. In addition, the EGS Collab project tested and improved novel and 

conventional field monitoring tools. By observation of system behavior during our experiments, we gained insight into permeability 

enhancement and evolution in crystalline rock. These observations and interpretations provide understanding of creating sustained and 

distributed permeability for heat extraction by generating new fractures that complement existing fractures.  

The correlation between seismicity and permeability remains elusive. In E3, much of the seismicity that could be detected occurred in the 

upper regions of the testbed, even above the drift. Flow on the other hand apparently concentrated in the lower regions of the test bed and 

is predominantly thought to enter the drift from the floor. In E1, seismicity identified opening along many planes that were confirmed to 

be hydraulically conductive. ERT data however showed that a large fraction of the flow occurred where little seismicity occurred. 

Seismicity occurs when energy is released in the rock, for example from fracture tips or unmatching asperity contacts from different sides 
of a fracture hitting each other during shear. The seismicity does not necessarily identify that the pathways are large or viable for conveying 

fluid. Previously open pathways can take significant flow without inducing any new seismicity. Despite these challenges, microseismic 
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monitoring proved to be a valuable tool for understanding the in-situ fracture behavior in a way that is directly relevant to full scale EGS. 
In other words, microseismic data was shown to be highly valuable for confirming the stimulation of fractures, but that the absence of 

seismicity does not confirm the absence of flow. In the instance of the particular test bed employed in this project, the data may point to 

a scenario wherein new fractures tend to be more prone to the generation of MEQ’s whereas the ERT responded to larger flows in the 

existing fractures. In practice, this suggests that larger-scale thermal developments relying heavily on the existence of MEQ’s may be 

missing important components of the flow system. One of the key challenges faced in developing EGS reservoirs is to create distributed 
permeability throughout the reservoir to facilitate efficient thermal transfer of heat to the circulating fluid (e.g., (Doe et al., 2022; Grant, 

2016)), so it is critical to understand where flow is actually occurring. 

Our flow systems were distributed and dynamic. In both E1 and E3 we hydraulically fractured the rock and connected our injection and 

production wells. In addition, the stimulated flow system connected to many other locations beyond the intended testbed, resulting in 

reduced recovery rates for the injected fluid at the production wells, especially when the connection between the injection well(s) and 
production well was minor. It is not known how this would impact fracture caging in a full-scale EGS system having many differences  

from the EGS Collab test beds. Whether connecting to an existing fracture network or creating new fractures, flow was observed and 

quantified at numerous locations away from where flow was expected. If this is the general case, this could possibly be good for EGS 

because it increases heat transfer area between the fluid and rock. More diffuse flow may also pose a greater risk for injection-induced 

seismicity when closed-loop flow is not attained. These questions require further study. All of our tests were performed under 
nonlithostatic stress gradients. These gradients may have impacted flow direction, however 25% - 90% of our injected water was recovered 

in E1 and E3. Throughout all of our experiments, flow rates from the many collection locations were always changing even when injection 

rates were constant. In E1, resuming pumping after any stop typically resulted in a decrease to the injection pressure required for a constant 

rate of injection. In E2, this same action appeared to relate to an increase in the injection pressure. Tracer studies indicated changes in 

flow paths over time and in response to stopping or changing the flow rate. Full-scale EGS will also have complications due to stress 
gradients applied from injection, production, and temperature changes, the injection and later degradation of proppants, and dynamic flow 

networks that will change over time and in response to varying injection and production rates and fouling processes . The role of the 

uncertain and heterogeneous stress gradients should be carefully considered, especially with respect to the imperfect prediction of 

propagation direction of hydraulically stimulated fractures. The EGS Collab project highlighted the current inability to accurately predict 

the behavior of a planned EGS stimulation due to irreducible uncertainties and heterogeneity in the rock. Although changes in the 
mechanical properties of the rock mass may be due to stresses induced by pumping, modeling shows that thermal gradients creat ed by the 

presence of the access drifts can greatly affect the trajectories of induced fractures. In the EGS Collab tests, the temperature changes  

associated with the water being introduced into the reservoir are probably too subtle to have major effects, but larger scale operations may 

be affected by these types of temperature gradients, particularly in conjunction with infill drilling and refracturing. 

There are many possible explanations for a dynamic system, and these may operate together. These include geomechanical, geochemical, 
and biological processes. The geomechanical argument is that our systems were operated at pressures exceeding the minimum principal 

stress. Flow entering a fracture would exert a force on the rock blocks on either side of the fracture impacting the overall stress distribution. 

This force could open fractures to an extent. When flow reached another intersecting fracture, the force balance and directions would 

change, altering system apertures and flow, and changing flow paths. It is not clear whether pressure exceeding the minimum principal 

stress is required for this since under proper conditions shear stimulation occurs below the minimum principal stress. Biological processes 
are unlikely but possible in geothermal systems, and this also needs consideration. Microbes could grow in our system (Zhang et al., 2020) 

where conditions are right, and change flow paths through biofouling. During early test bed characterization, random wells would biofoul 

as seen in the optical logs, requiring the boreholes to be scrubbed; this process may have been accentuated by introducing oxygenated 

waters into a reducing environment. One would expect that as the microbes grow that the conditions would change as nutrients were 

consumed, that communities would flourish elsewhere impacting flow there. These flow path alterations would impact the pressures on 
rock blocks perhaps accentuating geomechanical processes. Geochemical processes cause dissolution and precipitation of solid phases 

that will impact permeability. Dissolution could concentrate flow as apertures increase, and this process could be self-enhancing. It is 

important to realize that for both biological and geochemical processes, that there are immense numbers of kinds of microbes and mineral 

phases. Considering single phase or single organism systems can be informative but is excessively limiting and possibly misleading. 

Biological processes are less likely to occur under elevated (>150°C) temperature conditions, but such conditions will increase 

geochemical reaction rates. 

The management of our simple systems was complex. It required exercising a number of models from conceptual to numerical that had 

to be changed constantly to adapt to new responses from known or unknown stimuli. The experience indicates that successful reservoir 

management at any scale must be an active process requiring attention to and integration of important data streams. When interpreting 

multiple data sources of various types, we found that it was valuable to employ a wide-range of data sources, data analytics (e.g., inversion 
models, mapping, data integration, and machine learning methods), visualization methods, and a broad-spectrum of subject-matter 

expertise to best interpret this information. Using this process in an open forum enabled our team to obtain the most comprehensive 

understanding of what we were observing, the most likely causes of the observations, and potential solutions to remedy the problems that 

were encountered.  

The limited permeability shown by many crystalline rock masses is well-represented by the rocks of the current test beds. Division of the 
rock mass into separate reservoirs, often by high-angle fracture systems can result in different fluid pressures between those reservoirs 

depending upon the frequency of fracturing. Therefore, extrapolation of results from one of the separate reservoirs to an entire geothermal 

field should be done with care unless good reasons can be made to assume a sufficient number of fractures or fracture systems  exist to 

allow communication. 
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We did not establish flow systems at pressures below the minimum principal stress in either test bed. This does not mean shear stimulation 
below the minimum is not possible, however. In test bed 2 healed or filled fractures would not open below the minimum stress.  The test 

bed lacked naturally conductive fractures that might have shear stimulated. Naturally conductive fractures elsewhere at the 4100 level 

were avoided over concerns that they might produce excessive flow to the underground openings. We did not conclusively  establish 

thermal breakthrough in either of our flow tests. Thermal breakthrough could have occurred at higher-flow weep locations where 

temperature was not monitored. Additionally, we encountered Joule-Thomson effects which caused temperature increases as the water 
depressurized from the fractures to the wells. Had warm water been used in the flow tests, perhaps even greater initial misinterpretation 

might have occurred.  

Ultimately, this experiment series represents a direct confrontation with the THMC challenges associated with EGS that provides critical 

insights at the fundamental science level. Predictions, and often assumptions of behavior going into these experiments were often defied 

during execution and had to be addressed through a continuous cycle of hypothesis, modeling, field trial, data analysis, interpretation of 
processes, and re-evaluation of understanding. This practice was constantly performed in a remote and challenging environment and is 

relevant for commercially viable EGS power production. Full-scale EGS applications will similarly have to confront the realities of 

stress/geologic heterogeneity, stimulated fracture propagation mechanics, the influence of natural fractures and geologic structure, 

evolving permeability pathways due to physical and chemical effects over time, and optimization of thermal circulation/conductivity. 

These challenges were commonplace for the five-year duration of EGS Collab activities at SURF and it is reasonable to expect similar of 
EGS work at the full scale. This project provided new insights, crucial observations, valuable updates to models, and a suite of both novel 

and commonplace stimulation, circulation, characterization, and monitoring tools/techniques to reduce uncertainties and increase the 

probability of success for EGS applications. Researchers and practitioners should be encouraged to build upon both the successes and the 

unsolved complexities that the EGS Collab Team illuminated within the underground mine workings at SURF.  
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