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from Hydraulic Fracture Stimulations in Crystalline Rock
at 1.25 and 1.5 km Depth
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Highlights 
Three multi-test stimulation and flow experiments were performed in 
crystalline rock.
Stimulation occurred by hydraulic fracturing, but flow required 
hydropropping.
Shear stimulation did not occur because of low shear-to-normal force ratio.
Shear stimulation was also impacted by healed fractures having low 
permeability.
Lessons learned are presented.

Abstract
With  the  goal  of  better  understanding  stimulation  in  crystalline  rock  for
improving  enhanced  geothermal  systems  (EGS),  the  EGS  Collab  Project
performed a series of stimulations and flow tests at 1.25 and 1.5 km depths.
The tests were performed in two well-instrumented testbeds in the Sanford
Underground Research Facility  in  Lead,  South Dakota,  United States.  The
testbed for  Experiment  1  at  1.5  km depth  contained  two  open  wells  for
injection and production and six instrumented monitoring wells surrounding
the  targeted stimulation  zone.  Four  multi-step  stimulation  tests  targeting
hydraulic fracturing and nearly year-long ambient temperature and chilled
water  flow  tests  were  performed  in  Experiment  1.  The  testbed  for
Experiments 2 and 3 was at 1.25 km depth and contained five open wells in
an outwardly  fanning five-spot  pattern and two fans of  well-instrumented
monitoring wells surrounding the targeted stimulation zone. Experiment 2
targeted shear stimulation, and Experiment 3 targeted low-flow, high-flow,

1



and  oscillating  pressure  stimulation  strategies.  Hydraulic  fracturing  was
successful in Experiments 1 and 3 in generating a connected system wherein
injected  water  could  be  collected.  However,  the  resulting  flow  was
distributed  dynamically,  and  not  entirely  collected  at  the  anticipated
production well. Thermal breakthrough was not observed in the production
well, but that could have been masked by the Joule-Thomson effect. Shear
stimulation in Experiment 2 did not occur – despite attempting to pressurize
the fractures most likely to shear – because of the inability to inject water
into a mostly-healed fracture, and the low shear-to-normal stress ratio. The
EGS Collab experiments are described to provide a background for lessons
learned  on  topics  including  induced  seismicity,  the  correlation  between
seismicity  and  permeability,  distributed  and  dynamic  flow  systems,
thermoelastic and pressure effects, shear stimulation, local geology, thermal
breakthrough,  monitoring  stimulation,  grouting  boreholes,  modeling,  and
system management.

1.0 Introduction
Enhanced  or  engineered  geothermal  systems  (EGS)  offer  tremendous
potential as an energy resource supporting the energy security of the United
States, with implementation being considered worldwide. Estimates exceed
500 gigawatt electrical (GWe) for the western United States, surpassing the
resource base hosted by conventional hydrothermal systems [Williams et al.,
2008],  and up to an order of magnitude larger when including the entire
United  States  [Augustine,  2016].  Implementation  of  an  EGS  will  typically
require  stimulation  to  generate  appropriate  hydraulic  communication
between injection and production wells to allow effective mining of the heat.
Although there are decades of experience with hydraulic fracturing in the oil
and  gas  industries,  drillback  studies  have  only  recently  been  performed
providing  some  elucidation  of  subsurface  behavior  during  hydraulic
fracturing,  and unexpected behaviors (e.g.,  fracture swarming) have been
observed  [Elliott  and  Gale,  2018;  Gale  et  al.,  2018;  Gale  et  al.,  2021;
Raterman et al., 2018]. Stimulation for EGS is different from fracturing in the
oil  and gas industry. In oil  and gas applications, porous media is typically
fractured to allow resources to flow towards a well, and typically attempts to
avoid creating fractures that connect wells (frac hits). In EGS, crystalline rock
is generally the fracturing target, and indirect connections between wells are
needed to  collect  injected fluid  and  harvest  heat  from the formation.  To
implement  EGS,  appropriate  stimulation  requires  greater  understanding
including  stimulated  reservoir  creation,  distribution  of  flow  in  a  created
reservoir,  and responses  to  stimuli  such as  the  injection  of  water  out  of
chemical equilibrium with the rock. Additionally, implementing EGS requires
knowledge of and managing associated seismicity, developing technologies
to  control  fast-flow  paths  within  the  reservoir  to  reduce  early  thermal
breakthrough, improving imaging and monitoring techniques for permeability
enhancement and evolution, improving technologies for zonal isolation for
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multistage  stimulations  under  elevated  temperatures,  and  developing
scientifically-based long-term EGS reservoir sustainability and management
techniques.  Another  critical  aspect  of  EGS  reservoir  creation  is  better
understanding  the  interaction  between  preexisting  fractures  and  new
fractures created via hydraulic stimulation.

To investigate stimulation and flow in crystalline rock with a focus applicable 
to EGS, field tests have been performed at several mine and underground 
research laboratory sites globally including the Bedretto Underground 
Laboratory for Geosciences and Geoenergies (BULGG, Switzerland), the 
Grimsel Test Site (Switzerland), the Äspö Hard Rock Laboratory (Sweden), 
Northparkes Mine (Australia), and Reiche Zeche (Germany) [Amann et al., 
2018; Boese et al., 2022; Dutler et al., 2019; Gischig et al., 2020; Jeffrey et 
al., 2009; Kaiser et al., 2013; Reinhard, 2013; Zimmermann et al., 2019]. 
Each of these projects/laboratories contributes differently towards 
understanding EGS issues. At Northparkes Mine, hydraulic fracturing tests 
were performed in a mine at about 580 m deep resulting in subhorizontal 
fractures. Proppants were used and the resulting fractures were investigated 
by mining back [Jeffrey et al., 2009]. At the Äspö Hard Rock Laboratory, Zang
and colleagues examined attempted to propagate parallel hydraulic 
fractures in stimulation of crystalline rock at 410 m depth in a rock mass of 
about 30 x 30 x 30 cubic meters, also investigating fatigue fracturing [Zang 
et al., 2017]. At Reiche Zeche the STIMTEC project targeted a volume of 
about 60 x 30 x 30 meters of strongly foliated metamorphic gneiss at a 
depth of about 130 m [Renner et al., 2021] with mineback used to examine 
resulting fractures. The total injected volume per interval was 15 to 25 liters 
during the combined frac and refrac stages and up to 500 liters during the 
subsequent steprate tests and periodic-pumping (with periods of 60 to 800 
seconds), amounting to about 10 m3 of injected fluid volume in total. At the 
Grimsel Test Site, decameter hydraulic stimulation experiments were 
performed in granodiorites and granites at about 450 m depth. The overall 
objective of this work was to conduct fundamental research enhancing 
process understanding of hydraulic stimulations. Both shear stimulation and 
hydraulic fracturing were investigated. Guiding questions included the 
hydromechanical response of fractures during stimulation, the pressure 
propagation away from the injection boreholes, rock mass deformation and 
stress interaction, the transition from aseismic to seismic slip and its relative 
importance, the interaction of hydraulic fractures with pre-existing 
structures, as well as the spatial and temporal variability of induced 
seismicity. These experiments showed the variability in stimulation 
outcomes even for the comparably small target rock volume, and 
hypothesized that flow is strongly channelized. Very importantly, complex 
rock deformation and fracturing processes were observed [Gischig et al., 
2020]. BULGG is the largest of the existing underground laboratories (100 m 
scale) and hosts a variety of experiments such as “Validating of technologies
for reservoir engineering” (VALTER), the EU funded project “Soft stimulation 
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treatments of geothermal reservoirs” (DESTRESS), and the EU funded project
“Zonal isolation, drilling and exploitation of EGS projects” (ZoDrEx) [Hertrich 
and team, 2021]. The experiments at BULGG are a step closer towards real 
EGS because of the larger size, depth (1000-1200 m), and anticipated large 
injected water volume. Although the conditions and spatial scales of these 
field tests are different from geothermal reservoirs, much can be learned and
applied to understanding EGS reservoirs. At the reservoir scale, the Frontier 
Observatory for Research in Geothermal Energy (FORGE) project near Milford
Utah (USA) is a full-scale EGS laboratory dedicated to understanding EGS 
science and engineering issues [Moore et al., 2019].

1.1 The EGS Collab Project

The EGS Collab Project goals were to establish a collaborative experiment
and  model  comparison  project  to  compare  and  validate  reservoir  model
predictions  with  ~10  m-scale  field  experiment  data.  These  comparisons
would  be  based  on  in-depth  fracture  characterization  through  well-
performed,  well-monitored  experiments  that  collected  high-quality  data
using comprehensive instrumentation. We also sought to elucidate the basic
relationship between permeability enhancement and stress, seismicity, and
other parameters, and to improve field, lab, and modeling tools and process
understanding for FORGE and EGS.

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 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 (e.g., [Sonnenthal et al., 2018; White et al., 2019; Winterfeld et
al., 2019; Wu et al., 2019c; Wu et al., 2020c; Wu et al., 2019e]). In addition,
the EGS Collab project  tested and improved novel  and conventional  field
monitoring tools (e.g., Feng et al. [2024]; Guglielmi et al. [2021a]; Guglielmi
et al. [2021b];  Guglielmi et al. [2023];  Johnson et al. [2022];  Johnson et al.
[2021]; Johnson et al. [2024]; Johnson et al. [2019b]; Li et al. [2024]; Qin et
al. [2024]).  Project  observations  and  interpretations  provide  additional
understanding towards creating sustained and distributed permeability for
heat  extraction  in  an  EGS  reservoir  by  generating  new  fractures  that
complement existing fractures. 

In spite of our thrust being EGS, we performed our experiments in accessible,
deep, cool rock at the Sanford Underground Research Facility because of its
excellent  accessibility  and  infrastructure.  Our  assumption  was  that  the
physics of stimulation of cool deep crystalline rock are similar to the physics
of stimulation of the hotter rock that would be targeted for EGS. By doing
this, we were able to perform tests nearby and closely monitor them at much
higher resolution from shorter boreholes that surround our testbed providing
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high quality monitoring data. Very long and expensive boreholes would be
required if we used a deep hotter testbed, causing either extremely complex
equipment deployments or deployment of much less monitoring equipment.
Our  approach  also  allowed  using  monitoring  equipment  that  would  be
difficult to deploy at geothermal temperatures. 

The EGS Collab Project  was successful  at  stimulating crystalline rock and
monitoring the stimulations and resulting flow fields at two deep testbeds
having different  fracture  distributions  and stress  conditions.  We collected
high quality data from both the testbed characterizations and individual tests
stimulation and flow tests. We analyzed a subset of the data and compared it
to numerical models. Specific results from the EGS Collab project have been
presented  in  numerous  conference  and  journal  publications  indexed  at
https://scholar.google.com/citations?hl=en&authuser=3&user=h-
rd4hkAAAAJ,  and  Project  data  are  freely  available  at
https://gdr.openei.org/egs_collab. In addition to the conference and journal
publications, more detail can be found in project reports ([Kneafsey et al.,
2019a;  Kneafsey et  al.,  2024;  Kneafsey et  al.,  2021c;  Roggenthen et  al.,
2024]). To the extent possible, this paper provides a guide to many of these
writings. 

In this paper, after a brief description of the project, we summarize results
and lessons learned from the EGS Collab Experiments 1 - 3. A large number
of  tests  were performed,  extensive,  high-quality  data were collected,  and
many observations have been noted. A partial data set is presented for one
stimulation to provide an example of  data collected and available and to
provide  context  for  Project  learnings.  In  addition,  a  summary  of  Project
learnings is presented on topics including induced seismicity, the correlation
between seismicity and permeability, distributed and dynamic flow systems,
thermoelastic and pressure effects, shear stimulation, local geology, thermal
breakthrough,  monitoring  stimulation,  grouting  boreholes,  modeling,  and
system management. We hope these are informative to those interested in
EGS, but acknowledge that they are not limited specifically to EGS.

1.2 Project description

The EGS Collab 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
(Experiment 3 - E3). Modeling was key in supporting experiment design and
observation interpretation. Post-test modeling and analysis were performed
to  examine  the  effectiveness  of  modeling  and  monitoring  tools  and
approaches  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  remaining from the former
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Homestake  gold  mine  at  multiple  depths  in  a  variety  of  rock  types  for
scientific investigations. SURF hosts a number of scientific projects ranging
from  collection  and  analysis  of  rock  and  water  samples  for  biological
investigation, to enormous infrastructure-intensive multibillion dollar physics
experiments. E1 (Section 2 below) was performed at 1.5 km depth (the 4850-
foot depth level,  Figure 1 and Figure 2 top) hosted in the Poorman phyllite
formation  [Caddey  et  al.,  1991].  E1  tests  established  a  fracture  network
connecting an injection well and a production well using hydraulic fracturing
([Kneafsey et  al.,  2021a;  Kneafsey et  al.,  2021b;  Kneafsey et  al.,  2021e;
Morris  et  al.,  2018a]  and  references  therein).  Four  stimulations  were
performed  in  stages  and  the  injection  and  production  boreholes  were
connected [White et al., 2019]. Flow tests using ambient-temperature water
and 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.,  2019c]. E2 (Section 3
below) and E3 (Section 4 below) were performed in a testbed at 1.25 km
depth (4100-foot depth, Figure 2), hosted in the Yates amphibolite, a blocky,
low permeability rock, with subsurface stress conditions different from those
of  E1  [Caddey  et  al.,  1991;  Ingraham  et  al.,  2020].  Hydraulic  shear
stimulation was attempted in E2.  In E3,  variations on hydraulic  fracturing
were  performed,  including  slow  stimulation,  fast  stimulation,  and  cyclic
pressure stimulation. 
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Figure  1.  Top  -  Schematic  view  of  the  Sanford  Underground  Research
Facility  (SURF),  depicting a small  fraction of  the underground facilities
including  the  Yates  (left)  and  Ross  (right)  shafts,  the  4850  and  4100
levels, and testbeds for Experiments 1 and 2, 3. Bottom - Geologic model
showing testbed locations.
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Figure 2 Top - Schematic of wells for Experiment 1 along the West Access
Drift  on  the  4850  level.  The  green  line  represents  the  stimulation
(injection) well (E1-I), the red line represents the production well (E1-P),
yellow  lines  represent  monitoring  wells,  and  orange  lines  represent
kISMET  (permeability  (k)  and  Induced  Seismicity  Management  for
Energy  Technologies)  Project  wells.  Orientation  of  stimulation  and
production boreholes is approximately parallel to Shmin and the gray disks
indicate nominal hydraulic fractures. Bottom - Oblique view of borehole
orientations for Experiments 2 and 3. 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
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indicate nominal fractures oriented parallel to natural fracture sets 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.

1.2 Modeling and Validation

A focus of the project was model validation. It seems conceptually simple to
challenge  thermal-hydrological-mechanical-chemical  (THMC)  modeling
approaches with field data. The model validation is initiated by devising a
conceptual model. Then, on the experiment side, the steps would be to build
a  testbed,  quantify  as  many  properties  as  possible,  and  perform a  well-
designed  and  monitored  test  while  quantifying  results.  On  the  numerical
modeling side, the steps would be to convert the conceptual model into a
numerical model, parameterize it using quantified properties, and perform a
parallel experiment (digital twin) using a well-developed modeling platform.
The two sets of results could then be compared and conclusions could be
drawn.  Unfortunately,  these  steps  are  inadequate  for  real-world  field
experimentation  and  modeling  because they presume that  the  originally-
devised conceptual model behaves identically to the physical system. This
assumption requires that all key features of the natural physical system can
be  characterized  and  captured  in  the  numerical  model,  which  is  rarely
possible. 

Two examples  illustrate  this  limitation:  1)  the necessity  to  include  stress
gradients in  modeling fracture extension (especially  those created by the
initial  temperature  field  surrounding  the  drift),  and  2)  the  necessity  to
include Joule-Thomson effects for sharp pressure drops at fracture-borehole
intersections. The change in temperature in the rock in E1 caused by drift
ventilation  was  relatively  small.  The  normal  rock  temperature  at  the  E1
depth was about 35C, and the temperature of the drift wall was about 20C
(Figure  3).  Our  preliminary  conceptual  model  and  test  design  did  not
consider the effect of this temperature gradient on stress. After modeling
and  measuring  the  temperature  gradient,  the  effect  on  rock  stress  was
computed and was found to be significant. This temperature-induced stress
gradient  is  thought  to  have  resulted  in  hydraulic  fractures  propagating
primarily  towards  the  cooler  drift  where  stresses  were  lower.  This  was
recognized prior to the field test, and our models did predict that fracture
propagation  would  propagate  toward  the  drift.  We  also  failed  to  include
Joule-Thomson effects in our initial  conceptual  model  and testbed design.
The Joule-Thomson coefficient for water at our temperatures and pressures is
about  -0.2176 (C/MPa) (-0.0027  F/psia)[Lemmon et al.] with the negative
sign  indicating  that  water  will  increase  in  temperature  upon  lowering  of
pressure  under  constant  enthalpy  conditions.  Numerical  modeling  did
identify this problem [Zhang et al., 2018a] as this behavior is built into the
TOUGH code that was used. When the experiment was performed,  water
entering the production borehole was observed to jet into the hole (Figure 4)
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indicating  a  large  depressurization  at  that  location  and,  consequently,
inducing a water temperature not matching the host rock at that location.
Because the flowrates into the boreholes were relatively low, we assume that
the water temperature in the rock near the borehole is in rough equilibrium
with local rock. This is justified by the very local temperature increase over
about 1 meter at a flowing fracture location where we claim a Joule-Thomson
effect (Figure 9). Outside of that warmed region the temperature is largely
unchanged.  The  temperature  gradient  in  a  location  where  a  1  degree  C
increase  was  measured  is  about  0.05  to  0.1  C/m  (Figure  3).  If  the
temperature  change  were  caused  by  warmed  water  flowing  to  the  inlet
location,  water  would  have  to  flow  10  –  20  meters  without  changing
temperature. This is unlikely.
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a.

b.

Figure 3. a. Measured and modeled temperature gradients for Experiment
1 (left) [Fu et al., 2018b] and b. Experiments 2 and 3 [Cusini et al., 2023].
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Figure 4. E1. Water jetting into borehole E1-P (see arrows).

Designing  our  testbeds  and  optimally  placing  instruments  required  many
simulations to be performed [Chen et al.,  2018;  2019a;  Gao et al.,  2018;
Huang et al., 2017;  Morris et al., 2018a;  Morris et al., 2018b;  White et al.,
2017; White et al., 2018]. Quality characterization of the testbeds was done
through use of preexisting site observations, extensive field and laboratory
measurements, complemented with every reasonable assessment tool useful
in modeling.  With field complexities and heterogeneities,  interpretation of
these experimental results often required simulation [White et al., 2019]. In
spite of the exceptional quality of the characterization, it was still inadequate
to appropriately parameterize the numerical models with currently expected
data  densities.  In  addition,  typically  model  validation  is  performed  by
completing an experiment and providing the data to the modelers to model
and  compare.  In  the  EGS  Collab  Project,  the  tests  were  designed
collaboratively. Because of this collaboration, modeling within the EGS Collab
project  was performed in lock-step with the experimentation.  Modelers (a
different kind of experimentalist)  and experimentalists (a different kind of
modeler) designed, performed, and analyzed tests together. For testbed and
test  design,  modelers  and  experimentalists  worked  together  to  create
effective  field  tests  with  the  highest  chance  of  testing  the  models  and
modeling platforms [Fu et al., 2021a;  Fu et al., 2021b;  White et al., 2017;
White et al., 2018]. As the tests were performed, models were tested and
corrected  in  parallel  with  the  experimental  efforts,  and  learnings  were
incorporated  to  further  support  interpretation.  As  such,  the  EGS  Collab
Project did not identify a “validated” modeling platform, but rather improved
conceptual and numerical models throughout the project, and provided an
understanding of the value and limitations of modeling in the field project
[White et al., 2019]. The modeling efforts were one of the key contributions
to understanding what happened in the experiments. Appendix A lists Project
modeling and analysis papers. 
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2.0 Experiment 1 (Test Bed 1, 4850 Level)
Experiment 1 (Figure 2 top) was intended to establish a fracture network
connecting  an  injection  well  and  a  production  well  pair  using  hydraulic
fracturing [Morris et al., 2018b]. E1 was performed at about 1.5 km depth
[Kneafsey  et  al.,  2019a;  Kneafsey  et  al.,  2020].  The  testbed  for  E1  was
entirely within the Poorman Formation, a metasedimentary rock consisting of
sericite-carbonate-quartz  phyllite  (the  dominant  rock  type),  biotite-quartz-
carbonate  phyllite,  and  graphitic  quartz-sericite  phyllite  [Caddey  et  al.,
1991].  The  rock  is  highly  deformed  and  contains  carbonate,  quartz
veins/boudinage,  pyrrhotite,  and  minor  pyrite.  Initial  characterization
included  mapping  fractures  and  features  observed  at  the  drift  wall.
Boreholes for E1 are all subhorizontal, nominally 60 meters long and 10 cm
diameter, and were continuously cored (near 100% recovery). The injection
and production boreholes (green and red lines in Figure 2) are approximately
parallel to the minimum principal stress direction determined from kISMET
(permeability  (k)  and  Induced  Seismicity  Management  for  Energy
Technologies)  Project  tests  (orange boreholes in  Figure 2)  [Dobson et al.,
2018; Oldenburg et al., 2017; Ulrich et al., 2018; Wang et al., 2017], so that
hydraulic  fractures  would  tend to  propagate  orthogonally  to  the  injection
well. Values of the maximum, minimum, and intermediate principal stresses
are approximately  41.8 MPa (6062 psi) vertical, 21.7 MPa (3147 psi), and 34.0
MPa  (4931  psi)  respectively  [Dobson  et  al.,  2018].  Boreholes  were  typically
characterized using optical  and acoustic  televiewers,  full  waveform sonic,
electrical resistivity, natural gamma, and temperature/conductivity logs, as
well  as  through  detailed  mapping of  the  recovered core  samples.  Of  the
eight  boreholes,  two  were  left  open  for  injection  and  production,  and
monitoring  instrumentation  was  grouted  in  the  remaining  six  monitoring
wells. 

The E1 test  block was characterized using seismic tomography,  electrical
resistivity  tomography  (ERT),  and  extended  hydrologic  characterization
including tracer tests (for details and references see Kneafsey et al. [2020]
and Kneafsey et al. [2019a]; Roggenthen and Doe [2018]; Roggenthen et al.
[2022]). While natural existing flow paths might be celebrated and included
in a geothermal system design, our hydraulic characterization guided us as
we attempted to avoid these features to focus on stimulation, however they
still impacted the stimulation and flow in the system. A number of methods
were used to monitor flow and stimulation tests including: 1) Passive seismic
monitoring (e.g. [Qin et al., 2024;  Schoenball et al., 2019]), 2) continuous
active source seismic monitoring (CASSM) [Daley et al., 2013;  Daley et al.,
2007; Feng et al., 2024], 3) dynamic ERT imaging using high contrast fluids
[Johnson et al., 2022; Johnson et al., 2019a; Johnson et al., 2021; Johnson et
al., 2024], 4) acoustic emissions, 5) fiber optic cables for distributed acoustic
sensing  (DAS)  [Li  et  al.,  2024],  distributed  temperature  sensing  (DTS),
distributed strain sensing (DSS)  [Hopp,  2023a;  Rodríguez  Tribaldos et al.,
2024  (in  press);  Rodríguez  Tribaldos  et  al.,  2021],  and  6)  tracer  tests
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[Mattson et al., 2019a; Mattson et al., 2023; Mattson et al., 2021; Neupane et
al., 2020; Wu et al., 2019c; Wu et al., 2020b]. Sensor location optimization to
allow  appropriate  coverage  of  all  implemented  systems  was  performed
[Chen et al., 2019a]. During stimulation, fracture aperture strain monitoring
in  the  borehole  was  performed  using  the  Step-rate  Injection  Method  for
Fracture In-situ Properties (SIMFIP) tool [Guglielmi et al., 2015;  Guglielmi et
al., 2013; Guglielmi et al., 2021a]. Laboratory investigations of core samples
provided  additional  rock  behavior  understanding  [Condon  et  al.,  2020;
Condon et al., 2019;  Frash et al., 2019c;  Ye et al., 2020;  Ye et al., 2019;
Yildirim  et  al.,  2018].  Following  stimulation  and  flow  tests,  acoustic
televiewer and fluid conductivity logs were collected in the open boreholes to
assess and orient generated fractures in the injection well(s) and fracture(s)
interception within the production well(s). Recovered cores were laid out and
carefully  examined,  particularly  open  fractures,  and  correlated  to  the
borehole measurements and borehole DAS ambient noise [Li et al., 2024].
Detailed measurements were also performed on a subsection of  the core
including computed tomography (CT) scanning, magnetic susceptibility,  P-
wave  velocity,  gamma  density,  and  X-ray  fluorescence  spectrometry
[Paronish et al., 2022].

2.1 Stimulation

Four stimulation tests were carried out [White et al., 2019] and short-term
and  long-term  ambient  temperature  and  chilled  water  flow  tests  were
performed  [Kneafsey  et  al.,  2019b;  Mattson  et  al.,  2019a],  resulting  in
numerous data sets and analyses [Chen et al.,  2019b;  Feng et al.,  2024;
Frash et al., 2019a; Fu et al., 2021a; Fu et al., 2019; Guglielmi et al., 2023;
Huang et al.,  2019;  Johnson et al.,  2019a;  Johnson et al.,  2021;  Li et  al.,
2024; Lu and Ghassemi, 2019; Mattson et al., 2019b; Pan et al., 2019; Qin et
al., 2024; Schoenball et al., 2019; Schoenball et al., 2020a; Schoenball et al.,
2021; Templeton et al., 2019; Weers and Huggins, 2019; White et al., 2019;
Winterfeld et al., 2019; Wu et al., 2019a; Wu et al., 2021b; Wu et al., 2019b;
Wu  et  al.,  2021c;  Ye  et  al.,  2019].  Data  are  available  at
https://gdr.openei.org/egs_collab. Table SI-1 provides more imformation on
the stimulatons.

In the injection borehole E1-I, notches were scribed at three locations (39,
43, and 50 m ~ 128, 142, and 164 ft from the well collar at the drift wall) to
initiate  fractures  propagating perpendicular  to the wellbore  axis.  Fracture
initiation at the notch tip cannot be observed comparing the pre- and post-
stimulation  optical  and  acoustic  televiewers,  thus  their  effectiveness  is
unclear. The first stimulation was performed at the 43 m (142 ft) Notch. The
packer  interval  (approximately  1.65  m ~  65  in.  long)  long  including  the
SIMFIP  tool)  straddled  a  large  apparently-healed  natural  fracture.  The
stimulation  was  planned  to  occur  in  3  steps.  The  initial  stimulation  was
designed  such  that  it  might  create  an  ideal  1.5  m radius  penny-shaped
fracture prior to being shut in for the night to monitor pressure decay. The
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second step would extend the fracture to 5 m radius followed by being shut
in  for  the  night,  and  the  third  step  would  extend  the  fracture  to  the
production  borehole  approximately  10  m away.  A  hydraulic  fracture  was
created with a breakdown pressure of 31 MPa (4500 psi) - significantly above
the minimum principal stress of  21.7 MPa (3147 psi), probably intersecting
an observed  natural  fracture  and leading  to  water  flow returning  up  the
borehole.  Since  shear  stimulation  was  not  intended  in  this  test  and  the
results indicated that we might be pumping into the natural fracture,  the
stimulation was terminated and the packer set was moved to the 50 m (164
ft) Notch. 

The stimulation at the 50 m (164 ft) Notch was carried out in three steps 
over three days with shut-in periods between each step. In the first step, 2.1 
L of water was injected at 200 mL/min. The propagation pressure was 25.43 
MPa (3688 psi) and the instantaneous shut-in pressure (ISIP) was 25.37 MPa 
(3679 psi). In the second step, 23.5 L of water was injected at 400 mL/min 
resulting in slightly higher propagation pressure and ISIP (25.95 and 25.82 
MPa respectively, 3763 and 3744 psi). The pressure decay following this step
indicated that the hydraulic fracture may have intersected a natural fracture.
The third step was performed at 5L/min and had an injection volume of 80.6 
L, with a propagation pressure and ISIP of 26.88 and 25.31 MPa (3898 psi 
and 3670 psi), respectively. This stimulation resulted in water being 
produced at the production well (E1-P, Figure 4). In addition to intersecting 
E1-P, this stimulation intersected monitoring well E1-OT (located between 
the injection and production boreholes), as indicated by seismic sensors. A 
temperature increase was indicated by the DTS at the location the fracture 
intersected the well, and eventually water leaked out from the top of the 
grouted E1-OT well. The temperature increase is the result of the Joule-
Thomson effect where depressurizing water at constant enthalpy increases 
in temperature. These temperature increases are useful in identifying 
fracture hit timing and location. This intersection and leakage from this well 
were problematic and required remediation including pressure grouting with 
epoxy and application of a custom well cap with wire feedthroughs that was 
backfilled with epoxy. The third stimulation was conducted at the 39 m (128 
ft) Notch, attempting to avoid a fracture that connects wells E1-OT and E1-P 
while still connecting the injection and production wells. In this test, flow 
bypassed the top injection packer through fractures, and resulted in a 
hydraulic fracture connecting to E1-OT, but not E1-P. 
After this stimulation, a medium-term set of hydraulic characterization tests
was  conducted  at  the  50  m  (164  ft)  Notch.  Following  that,  a  second
stimulation  experiment  was  completed  at  the  43  m  (142  ft)  Notch  by
carefully  placing the straddle packer interval  over the target  region.  This
hydraulic stimulation involved higher flow rates and pressures, extended at
least one hydraulic fracture to E1-OB and E1-P, and also connected to all
other wells except for E1-PDB according to DTS evidence. For stimulations at
both  the  50  m (164  ft)  and  43  m (142 ft)  notches,  micro-seismic  event

15



locations  consistently  indicated  that  the  fracture  zone  extended
preferentially toward the drift (Figure 5) [Schoenball et al., 2019]. This was
predicted by earlier modeling of fracture growth under the stress gradient
induced by cooling  of  the  rock  by decades of  drift  ventilation  [Fu et  al.,
2018b; White et al., 2018]. 

Figure 5. E1. Two views of fracture planes identified from microearthquake
(MEQ) locations. Stimulation locations are indicated by red crosses with 
the shallowest (43 m, 128 ft) located lowest on the figure. The drift, which
has an orientation of ~N30E, is located to the right in a, to the left in b.

2.2 Flow Tests

Long-term ambient temperature and chilled water flow tests were performed
for about 10 months. The chilled water flow test was performed to quantify
thermal breakthrough, which was not conclusively observed. In these tests,
water was introduced into the injection well E1-I at the 50 m (164 ft) Notch
interval, typically at 0.4 L/m. This rate, although lower than desired, did not
result in microseismicity, indicating that the stimulated system is seismically
stable. During the first part of the flow test,  ambient temperature “mine”
water  (tap water  quality)  was injected into the system. After  a month of
ambient temperature water, chilled mine water injection was initiated. 

During the flow test, the pressure required to inject the mine water at 0.4 L/
min  was  significantly  higher  than  the  ISIP  (ISIP  ~  25.5  MPa  (3700  psi),
injection ~34.5 MPa (5,000 psi)). The pressure required to inject 0.4 L/min
rose constantly under constant flow conditions. Pump shutdowns occurred
for various reasons over the 10 months of injection. When restarting to flow
at the same rate, the injection pressure was typically significantly lower than
prior to shutdown regardless of the shutdown duration. This behavior could
be  attributed  to  poroelasticity,  geochemical  dissolution  and  precipitation,
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and/or biofouling, but the cause was not identified [Kneafsey et al., 2020].
This trend did not occur in E3. 

Upon changing to chilled water injection at the same rate,  a decrease in
injection pressure was observed prior to pressure increasing. This decrease
was likely caused by thermal contraction of  the rock in the region of the
injection well and concomitant increase in the fracture aperture, followed by
the aforementioned processes driving increases in injection pressure over
time.

Water was collected at the production well, as well as at other wells and drift
wall surfaces. Volumetric recovery of the injected water increased over the
duration of the test [Kneafsey et al.,  2020] reaching nearly 95% recovery
[Kneafsey et al., 2020]. Over the duration of the flow tests the proportions of
the water collected at various locations changed dynamically. These changes
in location and rate were not necessarily related to applied system changes
(flow,  temperature,  or  outflow  control  change).  The  primary  collection
locations  were  two  zones  in  the  production  well,  called  the  production
interval (between the straddle packers – E1-PI) where flow enters through
natural  fractures, and the region below the bottom packer (E1-PB) where
flow  enters  the  well  through  hydraulic  fractures.  Tracer  and  microbial
analyses  suggest  that  the  recovered  water  is  different  from the  injected
water  [Mattson  et  al.,  2021;  Neupane  et  al.,  2020;  Zhang  et  al.,  2020],
indicating perhaps that the injected water is partially displacing native water
in the system, or the water is altered in different ways along different flow
paths.

3.0 Experiment 2 (Testbed 2, 4100 level)
E2  was intended to investigate shear stimulation  [Kneafsey et al.,  2024].
Testbed 2 was constructed at 1.25 km depth (4100-foot) (Figure 2 bottom))
in the Yates amphibolite  (a blocky low-permeability rock) having different
stress conditions from E1 [Ingraham et al., 2020]. Based on the best initial
information, there was a reasonable probability that shear stimulation would
occur along appropriately oriented, sufficiently weak fractures [Burghardt et
al.,  2020;  Dobson et al.,  2018;  Singh et al.,  2019].  Initial  characterization
included mapping fractures and features observed at the drift wall, drilling a
10 m horizontal borehole (TH4100), and a 50 m vertical borehole (TV4100).
TV4100 penetrated an unexpected ~10m thick rhyolite intrusion within the
amphibolite, which is also exposed to the north near the Yates Shaft on this
level. Based upon rhyolite intercepts in TV4100 and the exposure in the 4100
Level drift, this layer was expected to be continuous and present beneath
our testbed. Eighteen stress tests were performed in TV4100, eight of which
used  the  SIMFIP  tool  to  quantify  three-dimensional  displacement  during
testing. These tests showed significant stress heterogeneity and lower than
expected  stress  anisotropy  [Ingraham  et  al.,  2020].  ISIPs  in  the  lower
amphibolite (below the rhyolite layer) were ~ 27.6 MPa (4000 psi), in the
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rhyolite ~ 18.6 MPa (2700 psi), and in the upper amphibolite ~ 21.4 MPa
(3100  psi)  [Kneafsey  et  al.,  2021b].  Because  of  the  lower  stress  in  the
rhyolite and the complexity that it introduced, the E2 testbed was designed
to be entirely above the rhyolite layer. 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 4100-level
site  is  approximately  35  MPa,  this  places  the  stress  state  as  transitional
between a normal faulting and strike-slip regime. More detailed descriptions
of  the  geology,  testbed  characterization,  and  evaluation  of  stresses  are
contained in Burghardt et al. [2022] and Kneafsey et al. [2022b].

3.1 Testbed 2

Testbed  2  consisted  of  nine  ~10-cm-diameter  continuously  cored
subhorizontal boreholes ranging from 55 to 80 m deep (Figure 2 bottom).
Well TC for stimulation/injection was oriented to optimally intersect fractures
that were interpreted to be best oriented for shear stimulation while also
avoiding the gently dipping rhyolite zone below the drift [Burghardt et al.,
2022;  Kneafsey  et  al.,  2022c].  Two  pairs  of  monitoring  wells  containing
grouted sensors fan out from Site A (AMU and AML) and Site C (DMU and
DML). Well TC was surrounded by four open injection/production/monitoring
wells (TU, TL, TN, TS shown in  Figure 2 bottom as Site B) in an outward
fanning five-spot pattern. Following the drilling of these wells, an extensive
low  pressure  hydrologic  characterization  was  performed.  A  detailed
description of the E2 testbed is presented in  Roggenthen et al. [2024] and
Kneafsey et al. [2022c].

Testbed 2 instrumentation included active seismic sources and sensors for
CASSM and passive seismic monitoring, a hybrid fiber-optic cable with single
mode (strain – DSS, acoustic – DAS) and multi-mode fiber (temperature –
DTS), electrodes for electrical resistivity tomography, and thermistors. These
were deployed and grouted in boreholes AMU, AML, DMU, and DML (Figure
6). CASSM sources, an array of hydrophones, ERT electrodes and multi-mode
fiber-optic  cable  for  DTS  were  also  deployed  in  TS  but  not  grouted.
Additionally, ERT and multi-mode fiber were deployed in TU, TL, and TN as
allowed by experiment constraints. A low pressure Downhole Robotic Stress
Analysis  (DORSA)  tool,  conceptually  similar  to  the  SIMFIP  tool,  which
measures  borehole  displacement  in  six  degrees  of  freedom  was  also
constructed  and  co-deployed  with  ERT  sensors  in  well  TN  (Figure  6).
Stimulations could be performed in any of the open 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
standard straddle packer sets. 
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Figure 6. Plan view of geophysical monitoring borehole layout and sensor
locations for E2. Coordinates are based on the Homestake coordinate grid
system. Well names starting with AM and DM are monitoring wells with
collars in the Alcove or Drift. Test well names from Site B begin with T. U
is upper, L is lower, N is North, and S is South. (modified from Johnson et
al. [2024]

3.2 Stimulation

Initial calculations indicated shearing would be likely in some fractures in the
rock (Singh et al., 2019). As further information was collected during testbed
construction, calculations indicated that shear stimulation was less likely, as
the maximum shear-to-normal stress ratios were computed to be about 0.35,
which is significantly less than the desired value of 0.6 (Figure 7, Figure SI-1)
[Burghardt et al., 2022;  Meng et al., 2021;  Meng et al., 2022].  Meng et al.
[2022] conducted laboratory tests on core samples and found that most of
the  tested  sealed  fractures  did  not  fail  at  in-situ  shear  conditions.
Additionally, for shear stimulation to occur, the selected fracture set would
need to be in flow and pressure communication with the well and able to
take water at a rate adequate to pressurize a significant area of the fracture
within the time-frame of the stimulation. The sealed fractures had very low
permeability, thus were unable to take water at the necessary rate. Based on
this updated information, shear stimulation was not expected.

The E2 stimulation was executed by first identifying the fracture most likely
to  shear  and  pressurizing  it  to  90% of  the  estimated  minimum principal
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stress.  These conditions  would  maximize  the possibility  of  shearing while
precluding hydraulic fracturing. The test was performed using the SIMFIP in
well TC at depths between 58.64 and 61.05m (192.4 and 200.3 ft) (Zone 7).
The zone was pressurized to 16.13 MPa (2340 psi) for two weeks. Over this
time, the rock and fractures took only tens of mL/day, which was insufficient
to  induce  shear  as  predicted.  Table  SI-2  lists  details  of  the  attempted
Experiment 2 stimulation. This test was concluded and E3 begun.

Figure  7.  E2.  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. See also Figure SI-1. [Burghardt et al.,
2022].

4.0 Experiment 3 (Testbed 2, 4100 level)
The purpose of E3 was to investigate alternate methods of stimulation. In E3,
stimulations  were  performed  at  pressures  above  the  minimum  principal
stress in three intervals in well  TC and one interval  in well  TU (Figure 8)
[Kneafsey et al., 2024]. E3 was performed in the same testbed as E2 using
the same wells and same monitoring equipment. The first E3 stimulation was
performed at the same location as the attempted E2 stimulation (Zone 7) at
low flow rates ramping up from 3 mL/min to 400 mL/min with a total injected
volume of 300 L. The stimulation was performed to ascertain whether a slow-
growing hydraulic fracture might intersect fractures that could then shear.
The  next  stimulation  was  performed  by  cycling  the  pressure  about  the
minimum principal  stress  (40  L  total  volume,  Zone 4).  This  was  done  to
extend  a  hydraulic  fracture  in  mini  steps  with  short  relaxation  between
steps.  Zang  et  al. [2017]  noted  reduced  seismicity  for  this  type  of
stimulation.  The  next  stimulations  in  TC  Zone  1  and  TU  Zone  3  were
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 (TC Zone 1) and 1200
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L (TU Zone 3). These stimulations are described in greater depth in Kneafsey
et  al. [2022a]  and  selected  observations  from  these  stimulations  are
presented below. The first stimulation is described in greater detail than the
others  with  more  data  presented to  illustrate  the collected  and available
data.

Figure  8. E3. Stimulation locations in TC and early fracture intersections
indicated by colored dots. The grid spacing is 5 meters.

4.1 Stimulations

4.1.1 Stimulation 1 – TC Zone 7 (58.64 - 61.05m, 192.4-200.3 ft) – Slow Flow 

For this stimulation, the SIMFIP tool was left at the location in TC where E2
was performed (see Figure SI-3, and Table SI-3). This stimulation initiated by
pumping water at 3 mL/min into the packed interval. Following breakdown,
the  rate  was  increased  stepwise  every  ~80  minutes  or  more  until  a
maximum  flow  rate  of  400  mL/min  was  attained.  The  rationale  for  this
approach was to propagate the fracture with as low of a flow rate as was
practical to maximize the potential for shear activation of natural fractures
intersected by the hydraulic fracture. After several hours of pumping at 400
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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). Spikes in strain were observed in
the  DAS  monitoring  system  in  AMU  at  the  location  where  an  elevated
temperature spike in the DTS data occurred (Figure 9) but the strain began
to  increase 6  hours  before the  intersection  (Figure  10).  The initial  strain
signal was somewhat diffuse with a larger zone showing compressive strain
just below the location of the fracture. The breakthrough is highlighted by a
more defined extensional signal (Figure 10 center). A slow drip of water from
the grouted AMU wellhead was also observed confirming the intersection.
The ERT data are consistent with the strain and temperature data. Figure 11
shows  a  decrease  in  electrical  conductivity  near  the  injection  site.  This
decrease is probably caused by pressure in the packers compressing water-
filled conductive 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  may  also  be
caused by compression of the rock prior to breakthrough also shown by the
DAS strain data. Well AMU increased in conductivity because of the influx of
water into this well. 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.  E3.  Temperature  signal  from  the  downgoing  DTS  fiber  in
monitoring  well  AMU showing  a  peak  at  a  depth  of  about  35  m (left)
starting at about 5:30 UTC (white arrows, right). Red and blue lines are
from the  downgoing  and  upgoing  fiber.  See  Figure  SI-2  for  additional
detail.
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Figure  10.  E3.  Low-frequency DAS strain  recorded along borehole  AMU
during Stimulation 1 in  Zone 7.  (Top)  Injection pressure  and  flow rate
Note:  breakdown  occurred  with  an  injection  flow  rate  of  3  mL/min.;
(Center) Low-frequency DAS strain recorded along the length of the fiber
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deployed in borehole AMU. Note symmetry with respect to the bottom of
the  well  from  downgoing  and  upgoing  fiber  lengths.  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.
Vertical lines added as visual guides. 

Figure  11.  E3.  Electrical  resistivity  tomography  image  of  the  testbed
during  Stimulation  1.  Several  features  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 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  a few micrometers each, totaling about 20 micrometers
starting at pressures between 17.23 – 20.68 MPa) (2500 – 3000 psi), which is
well below the breakdown pressure of 25.16 MPa (~3650 psi) (Figure SI-3).
At the breakdown (pressure of ~ 25.16 MPa - 3650 psi), an abrupt change in
the  directionality  of  the  displacement  of  almost  90  degrees  from mostly
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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  SI-3).  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  before  fracture  opening  at  the
breakdown pressure and partial closing when pressure started to drop again.
The same step-wise displacement was not observed during later stages of
the test.

The initial  strain  of  the rock  during stimulation  was not  indicated by the
DORSA  probe  located  in  the  TN  borehole  several  tens  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 SI-3). 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  distant  from  where  the  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. 

4.1.2 Stimulation 2 - TC Zone 4 (51.42 -  53.83m, 168.7-176.6 ft)  -  Cyclic
Injection

Stimulation  2  was  performed by cycling  the  injection  pressure  about  the
fracture  opening  pressure  repeatedly  in  an  effort  to  create  a  scalloped
fracture [Kneafsey et al., 2024]. The fracture initiation pressure on this zone
was higher than the other zones. Because of that, pressures on the high and
low part of the cyclic injection were gradually increased until it was evident
that a fracture had been formed. The pressure continued to be cycled until a
net  volume  of  40  L  was  injected.  Cycling  was  performed  by  manually
changing the injection flowrate. The initial cycles were injected at 0 or 1 L/m
with  durations  of  about  one-half  minute  (one  half  minute  flow,  one  half
minute no flow), in the middle of the test, the injection flowrates were 0 or
1.5 L/m with durations about 2 minutes, and at the late stage, the injection
flow rates were zero or 2 L/m with durations about 2.6 minutes. It should be
noted that some backflow did occur during the “zero-flow” segments. During
this time a small amount of effluent flow was observed from wells TN, TL,
and TS, though the production rate from TS was considerably smaller than
from the other two wells.  No production was observed from well  TU. This
stimulation did not intersect any grouted monitoring wells or the drift, but
the total  injection  volume was small  compared to our other stimulations.
Following this stimulation, the injection interval in the TC well was held at
16.13 MPa (2340 psi) for several days to observe flowback. Flowback tests
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allow the evolution of the closure pressure to be observed [Burghardt et al.,
2020].

The displacement signal measured by the SIMFIP was masked by the effects
from  the  rapid  pressure  cycles  from  the  stimulation.  The  DORSA  probe
showed  less  than  10  micrometers  extensional  deformation  in  the  area
around 42.6 m (140 ft) in TN, without a clear fracture breakthrough event.
The extension started to reverse into an axial contraction after the injections
ended.  While  weak  inflow  could  be  observed  in  TN,  likely  from  several
locations between 42.6 and 54.9 m (140 and 180 ft), no flowing fracture or
fracture network could be identified. The DTS shows an inflow of warmer
water  somewhere  in  the  lower  section  of  TN  at  the  same  time  as  the
deformation is recorded on the DORSA. Faint, small magnitude strain signals
were observed in monitoring boreholes AML, DMU and DML, although they
are most likely related to poroelastic deformation being transferred through
the volume being stimulated. 

4.1.3 Stimulation 3 - TC Zone 1      (44.20 - 46.61 m, 145.0-152.9 ft) - High
Flow

To compare with the low rate (Zone 7) and cyclical (Zone 4) injections, a
higher-rate stimulation was performed in Zone 1 [Kneafsey et al., 2024]. The
fracture was initiated by injecting at 1 L/min for approximately 2 minutes,
then the well was shut-in for approximately 1 hour. Following the shut-in, the
well was flowed back at a controlled rate of 250 mL/min followed by shutting
in the well when the pressure declined to atmospheric pressure. This shut-in
resulted  in  a  significant  pressure  increase  in  the  packed  off  interval,
indicating  that  pressurized  water  remained  trapped  in  the  fracture.  The
fracture was reopened by pumping at 1 L/min for approximately 2 minutes
followed  by  a  controlled  flowback  at  100  mL/min.  This  lower  rate  was
selected  to  minimize  the  near-wellbore  fracture  pinching  that  might  trap
pressurized  water  inside  the  rock.  Again,  the  pressure  rebounded
significantly  but  more  slowly  and  to  a  lower  magnitude.  We opened  the
fracture  again  by  injecting  at  1  L/min,  then  propagated  the  fracture  by
injection at 5 L/min for about 72 minutes. A short time later breakthroughs
into TN, TL, and the wall of the drift near Site A were observed. The peak
production  rate  from  the  production  wells  was  approximately  1.3  L/min.
Typical  flows  from  TL  were  ~0.640  L/min,  TN  ~0.55L/min,  and  TS  was
dripping. No production was observed from well TU. Although this stimulation
did  not  intersect  any grouted monitoring  wells  as  no temperature  spikes
were observed in the DTS data, it did intersect the drift and appears to also
result in low-rate water production from well TV4100 (collared in Alcove A).
In  spite  of  not  indicating  intersection  of  the  fracture  and  any  grouted
monitoring wells, a significant strain signal was observed in DML at depths
that  correspond  to  DTS  hits  during  later  tests.  This  may  indicate  that
fractures were created or opened, but flow was not achieved. Low magnitude
strain  signals  were  also  observed  in  AML  and  DMU.  This  might  suggest
poroelastic deformation in the testbed. The intersection of the fracture with
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TV4100 is hypothesized to occur through a path within or along the contact
with the rhyolite dike that underlies the stimulation wells and connects to
TV4100. 

A flow test was performed while a sewer camera was deployed in TL and TN
while injecting into TC to observe water entering the boreholes. Water jetted
vigorously into TN at 48.5 m (148.9 ft) similar to Figure 4. After shut-in, the
jetting declined. Reinitiating injection at 2 L/min resulted in a time lag of
about 2 minutes for the jets to reappear. Jets were also observed at 47.1 m
(154.5 ft) in TL, and another inflow point was observed in TL at 48.8 m (160
ft). DTS data from TN during this stimulation show a clear temperature signal
from the inlet water at about the same location identified using the visual
observations.

During  the  stimulation  of  Zone  1,  the  pressure  control  of  the  system
anchoring the SIMFIP probe to the rock was overpowered by the rapid rise in
zone pressure, resulting in a declamping of the tool and loss of data during
the breakdown phase of the test. During later cycles of the test, clear and
mostly reversible displacements of up to 200 micrometers (not corrected for
potential tool-pressure effects) were observed. During the last cycle of this
stimulation  with  flow increased  to  5  L/min,  the  DORSA  indicated  a  clear
displacement of the rock in TN of several hundred micrometers at the DORSA
location. This displacement is spatiotemporally synchronized with a peak in
temperature observed on the DTS in TN, indicating a breakthrough of fluid
right  at  the  DORSA  location.  This  was  later  confirmed  with  a  downhole
camera  during  a  repeat-injection.  Before  the  large  displacement
corresponding  to  the  hydraulic  TC-TN connection,  the  DORSA recorded  a
clear  micrometer-scale  signal. This  rapid  DORSA  response  is  likely  a
poroelastic deformation prior to the fracture propagation to TN.

DAS  data  suggest  strain  responses  in  wells  AMU,  AML  and  DMU.  Low-
frequency (1Hz) DAS strain data recorded a strain peak in borehole DML at
depths of ~15 m (49.2 ft) and ~43 m (141 ft) shortly after the flow rate was
increased  to  5  L/min.  Interestingly,  fracture  intersections  at  these  exact
depths were observed in DTS measurements during flow tests conducted a
month  later.  These  observations  could  be  linked  to  areas  of  pre-existing
weakening  that  did  not  carry  flow  during  this  first  round  of  tests  but
subsequently  opened and conducted water  into  the monitoring  boreholes
after repeated stimulation. Minor strain signals were observed in boreholes
AML and DMU at depths of 20-30 m (61.6-98.4 ft) and 25-35 m (82-114.8 ft),
respectively. These less localized, smaller magnitude extensional signals are
most  likely  related to poroelastic  deformation transferred across  the rock
volume. 

4.1.4 TU Stimulation 54.07 – 54.74 m (177.4 - 179.6 ft.) Interval

TU was targeted for stimulation to improve the connection to TC. TU has a
number of wells below it to possibly cage flow potentially keeping it from
reaching the rhyolite [Frash et al., 2018b;  Frash et al., 2021a;  Frash et al.,
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2020]. The stimulation was performed at a depth approximately aligned with
Zone 4 of TC. Injection commenced at 1 L/min until breakdown was observed
approximately 1 min later (bottom panel of Figure SI-4). A peak pressure of
~37.92 MPa (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  31.03  MPa  (4500  psi).  The  resulting  fracture
intersected  TC,  TN,  and  TL  and  outflow  from  these  boreholes  totaled
approximately 25% of the injected volume. Flow was stopped at the end of
the day and injection resumed the following day at 5 L/min. While flowing
into  TU,  the  packer  assembly  installed  in  TC  was  repositioned  slightly
because it  appeared that  a fracture from TU was impinging  on a  packer
element. 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 the second day (Figure SI-4).  Because of  the low
signal-to-noise ratio of the seismic events, automatic processing during the
entire experiment did not produce reliable locations. We 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 SI-4 shows the timing and location of seismicity during this
time period.  Nine events  were detected and they 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. 

28



a.  

b.

Figure  12. E3. Microseismic events detected during flow testing into the
54.07 – 54.74 m (177.4 - 179.6 ft.) interval of TU. a. plan view of the MEQs,
and b view parallel to the plane normal to the minimum principal stress
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based on stress measurements in borehole TV4100. The grid is 5 meter
spacing. 

4.2 Flow Testing Well TU

The start of flow testing in TU at rates from 2, 3, and 3.4 L/min produced
microseismic events up to 60 meters from the injection point both above and
below  the  drift  (Figure  SI-5).  Because  water  was  injected  at  pressures
exceeding the minimum principal stress (hydropropping), it is very possible
that  stimulation  continued  over  the  duration  of  the  flow test.  The lateral
extent to which water pressure exceeded the minimum principal stress is not
known. The flow also produced a complex pattern of fracture intersections
with the grouted monitoring boreholes, as shown by temperature measured
on the DTS system (Figure SI-6) and strains recorded on the DAS systems.
Temperature increases indicate flowing fracture intersections and are most
abundant in DML, which is consistent with a generally SSW dipping fracture
trends.  More seismicity  was also recorded during the two-week flow test,
however  there  was  no  apparent  trend  in  distance between injection  and
located  microseismic  events  over  this  time  (Figure  SI-5).  Comparing
sequential changes in electrical resistivity (Figure SI-7) shows a significant
increase in conductivity relative to the baseline (just prior to injection on May
19 Figure SI-7)  between the injection  location  and the drift  indicating an
increase  in  water  in  this  region.  These  data  are  also  consistent  with
observations of seeps in the drift (Figure SI-8). At the beginning of the flow
test,  seeps  into  the  drift  were  primarily  in  the  area  near  the  Site  A.  In
general, ceiling drips appear in groups of multiple dripping points within ~ 1
square meter (~10 square ft).  As the test continued,  seeps developed at
locations  south of  the initial  locations,  and that trend continued over the
duration of the flow test, indicating a dynamic testbed. 

5.0 Discussion and Lessons Learned
The EGS Collab experiments directly address THMC challenges associated
with  EGS  and  provide  critical  insights  at  the  fundamental  science  level.
Predictions, and often assumptions of behavior going into these experiments
were frequently 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 utilization. Full-scale EGS applications
will  similarly  have  to  confront  the  realities  of  induced  seismicity,
stress/geologic  heterogeneity,  stimulated  fracture  propagation  mechanics,
the  influence  of  natural  fractures  and  geologic  structure  on  stimulation,
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 behavior of EGS reservoirs at the full
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scale.  This  project  provides  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  are  encouraged  to  build  upon  both  the
successes  and  the  unsolved  complexities  that  the  EGS  Collab  Team
illuminated within the underground mine workings at SURF. Here we share
lessons learned on:

 Induced seismicity
 Correlation between seismicity and permeability
 Distributed and dynamic flow systems
 Thermoelastic and pressure effects
 Shear stimulation
 Local geology
 Thermal breakthrough
 Monitoring stimulation
 Grouting boreholes
 Modeling 
 System management

5.1. Lessons learned at the scale of our experiments and lessons
applicable to EGS at the full scale

5.1.1 Induced seismicity

Prior to initiating our tests in E1, we estimated seismicity associated with our
stimulations. Our estimation considered low injection flow rates that flow test
models  indicated  could  give  us  a  clear  temperature  change  over  a
reasonable timeframe at our production well. At our experiment flowrates,
we  did  not  induce  significant  seismicity  (no  sensible  ground  motion,  see
equipment specifications in SI [Hopp, 2023b; Schoenball et al., 2020a]), but
we did not detect a temperature change at our production well either. In E2
and E3, we used the results  of  E1 to estimate that we would not induce
seismicity in these experiments. Again, we injected at the lower flow rates,
did  not  induce  seismicity,  and  again  did  not  detect  a  clear  temperature
change.  Higher  flowrates  would  probably  helped  to  cause  a  temperature
change, but would come with a greater risk of induced seismicity that might
affect workers only tens of meters away. The ability to better predict and
control induced seismicity related to injection actions is one key to future
EGS development. 

5.1.2 Correlation between seismicity and permeability 

The correlation between seismicity and permeability remains elusive. One of
the key challenges faced in developing EGS reservoirs is to create distributed
permeability throughout the reservoir to facilitate efficient transfer of heat to
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the circulating fluid (e.g., Doe et al. [2022]; Grant [2016]), so it is critical to
understand where fluid is actually flowing. In E3, much of the seismicity that
could be detected occurred in the upper regions of the testbed, even above
the drift whereas all injection took place at elevations beneath the drift. Flow
on  the  other  hand  apparently  concentrated  in  the  lower  regions  of  the
testbed  and  is  predominantly  thought  to  enter  the  drift  from  the  floor
[Kneafsey et  al.,  2023;  Mattson  et  al.,  2023].  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  (b.).  In  both  E1  and  E3,  the
fractures  were  hydropropped  (injection  pressure  exceeding  the  minimum
principal  stress)  at  the  borehole  maintaining  an  open  fracture  at  that
location. 
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b.

Figure 13. a. Microearthquake-identified fracture planes (left) [Schoenball
et al.,  2020a] and b.  these planes overlapping and ERT image showing
water flow (right ) [Johnson et al., 2019a]. Arrow shows region with large
water  saturation  change  thought  to  be  hydraulically  conductive  where
seismicity was minor.

Seismicity  occurs  when energy is  released in  the rock,  for  example from
fracture tips or stick-slip friction from different sides of a fracture colliding
with each other during shearing. The seismicity does not necessarily indicate
that the pathways are large or viable for conveying fluid. Previously open
pathways can take significant flow without the occurrence of new seismicity.
Despite  these  challenges,  microseismic  data  were  shown  to  be  highly
valuable for confirming the stimulation of fractures, but that the absence of
seismicity does not imply the absence of the ability to flow. Our data indicate
that  new  fractures  may  be  more  prone  to  the  generation  of  seismicity
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whereas the ERT responded to larger flows in  either  the existing or  new
fractures.  In  practice,  this  suggests  that  investigations  relying  heavily  on
seismicity to delineate the fracture system should recognize that they may
be missing important components of the flow and heat transfer system and
may  be  highlighting  mechanically  active  zones  that  are  not  necessarily
providing significant flow. 

5.1.3 Distributed, dynamic flow systems

The  flow  systems  developed  in  our  experiments  were  distributed  and
dynamic [Mattson et al., 2023]. 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 at the production wells
(e.g. Figure SI – 8). Whether connecting to an existing fracture network or
creating  new  fractures,  flow  was  observed  and  quantified  at  numerous
locations  away from where desired [White et al.,  2021].  Clearly,  the flow
pathway having least  resistance is  all  flow paths  together.  Dynamic flow
rates  at  the  many  collection  locations  changed  over  time,  often  without
obvious reason. 

There are many possible explanations for a dynamic system, and these may
operate  independently  or  together.  These  include  geomechanical,
geochemical, and biological processes [Kneafsey et al., 2021d;  Kneafsey et
al.,  2020].  The  geomechanical  argument  is  that  we  injected  water  at
pressures exceeding the minimum principal stress. Flow entering a fracture
would  exert  a  force  on  the  rock  blocks  on  both  sides  of  the  fracture
impacting  the  overall  stress  distribution.  This  force  could  open  fractures
locally 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.  The  water
jetting  into  the  production  borehole  in  E1  (Figure  4)  indicates  that  the
injected water was at high pressure in the fracture near the production well
but that pressure was not quantified. Biological processes are unlikely but
possible in geothermal systems if the injected water is cool enough. In the
EGS Collab systems, microbes were present [Zhang et al., 2020;  Zhang et
al., 2022], and they could change flow paths through biofouling. Biofilms are
documented at locations within SURF [Osburn et al.,  2014].  The presence
and abundance of microorganisms will  also change as a result of nutrient
consumption, thus biofouling would likely change spatially and temporally.
These  flow  path  alterations  would  impact  the  pressures  on  rock  blocks
perhaps  accentuating  geomechanical  processes.  Geochemical  processes
include  dissolution  and  precipitation  of  solid  phases  that  will  impact
permeability. Dissolution could concentrate flow as apertures increase, and
this  process  could  be  self-enhancing,  and  precipitation  would  decrease
permeability. Again, this could impact the geomechanics of the system. It is
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important  to  realize  that  for  both  biological  and  geochemical  processes,
there  are  immense  numbers  of  kinds  of  microbes  and  mineral  phases.
Experimenting with or modeling a single phase or single organism systems
can be informative but is extremely limiting and possibly misleading. 

If these behaviors are general, they could be positive for EGS because they
may increase the heat sweep area beyond the expected area improving heat
sweep.  Grant [2016] noted that the fraction of the reservoir volume where
heat  transfer  occurs  appears  to  be  much  lower  than  that  observed  for
natural hydrothermal systems, which will impact how much thermal energy
can be efficiently recovered from the system. Changes in flow paths could
also direct injected water into hotter rock, and that would be beneficial for
heat sweep. It is also possible that flow systems might become less dynamic
and distributed over time [Ameli et al., 2013; Elkhoury et al., 2013; Polak et
al., 2004;  Polak et al., 2003;  Yasuhara et al., 2004]. Over time the factors
causing short-term dynamic behavior may lose importance, and longer-term
factors like thermoelastic and geochemical processes may focus flow into
more limited flow pathways. These important behaviors should be monitored
in current and future field tests and EGS implementations. 

One  aspect  of  this  dynamic  system  is  that  for  flow  to  occur,  elevated
injection fluid pressures were needed to maintain open fractures and fluid
flow between injection and production wells (hydropropping). If this were to
occur in an EGS reservoir, this would increase the energy required to operate
the EGS and indicates issues with flow impedance.  The use of  proppants
(which were not employed at the EGS Collab testbed because of difficulty
injecting them with the equipment used) may help sustain an open fracture
network at lower operating pressures and could result in a less dynamic and
more predictable reservoir fracture network, or possibly result in unwanted
fast-flow  paths.  The  choice  of  proppant  material  will  need  to  respect
chemical  compatibility  with  formation matrix  and fluids  to  maintain  long-
term conductivity. These questions require further study. 

5.1.4 Thermoelastic and pressure effects

The mine drifts in the EGS Collab testbeds impacted experiment outcomes.
Decades of ventilation resulted in temperature and stress perturbations in
the rock and pressure perturbations  in  the flow paths  [Fu et al.,  2018a].
Stress gradients from temperature gradients in the rock likely impacted flow
direction,  probably toward the drift  where pressure was atmospheric,  and
25% - 90% of our injected water was recovered. In E1, resuming pumping
after  any  stop  typically  resulted  in  a  decrease  in  the  injection  pressure
required  to  resume a  constant  rate  of  injection.  In  E3,  halts  in  pumping
appeared to cause an increase in the injection pressure to resume a constant
flow rate. We don’t have an explanation for this behavior. Injection of chilled
water during the E1 flow test initially resulted in an increase in permeability.
Following this increase, the permeability decreased consistent with previous
observations. This thermal effect should be expected at FORGE and in EGS
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systems where cooler water will be injected into hot rock. Tracer studies at
EGS Collab also indicated changes in flow paths over time and in response to
stopping or changing the flow rate [Mattson et al.,  2019a;  Mattson et al.,
2023; Neupane et al., 2019a; Neupane et al., 2020]. 

In considering our experiment results, we expect full-scale EGS will also have
complications  because  of  stress  gradients  occurring  from  injection,
production, and temperature changes, and dynamic flow networks that will
change over time and in response to varying injection and production rates
and fouling processes in addition to the complications related to the injection
and  later  degradation  of  proppants.  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  because  of  irreducible  uncertainties  and  heterogeneity  in  the
rock  and  local  stress  conditions.  Although  changes  in  the  mechanical
behavior of the rock mass may be due to stresses induced by pumping and
draining, modeling shows that thermal gradients created by the presence of
the access drifts can greatly affect the trajectories of induced fractures. In
larger-scale  EGS  operations,  temperature  gradients  from  injecting  and
flowing  cool  water  may  impact  flow  and  rock  mechanical  behavior,
particularly in conjunction with infill drilling and refracturing.

5.1.5 Shear stimulation

We did not establish flow systems at pressures below the minimum principal
stress in either testbed.  This  does not  mean shear stimulation below the
minimum principal stress is not possible, however. There were microseismic
indications of shear stimulation between the injection and production wells in
E1, but the extent of the shear was not quantifiable because it was between
boreholes.  Small  amounts  of  shear  were  measured using  the  SIMFIP  tool
during stimulations (tens of microns, See Figure SI-3, Guglielmi et al. [2023]),
however these were not significant in that they did not provide improved
permeability.  Effective  shear  stimulation  requires  displacement  over  a
sizeable area and asperities that will keep the rock walls apart. In Testbed 2
healed or filled fractures would not open below the minimum principal stress
and indeed can be stronger than the host rock [Frash et al., 2019a; Frash et
al.,  2019c;  Jahnke  et  al.,  2022;  Meng  et  al.,  2022].  The  testbed  lacked
properly  oriented  naturally  conductive  fractures  that  might  be  shear
stimulated. Naturally conductive fractures observed elsewhere at the 4100
level were avoided over concerns that they might produce excessive flow to
the underground openings significantly reducing the ability to build pressure
in the fracture. Other sites have investigated shear stimulation with large
permeability increases [Evans et al., 2005] or no indication of permeability
change [McLennan et al., 2023].
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This indicates that when planning an EGS, the right conditions (high shear
stress,  properly  oriented  fractures,  fractures  that  will  take  flow  and  will
increase in  pressure when stimulated)  are required for  shear stimulation.
These may occur in the field of interest, may occur only in specific locations,
or  may not  occur at  all.  Other stimulation  methods will  need to be used
where shear stimulation will not work, and more development of stimulation
methods is needed.

5.1.6 Local geology

Local geology was observed to affect stimulation and flow behavior. kISMET
drilling (with near-vertical boreholes) showed few fractures [Oldenburg et al.,
2017]. Adjacent EGS Collab drilling (with subhorizontal boreholes) identified
many  fractures,  particularly  in  the  lower  regions  of  the  testbed.  Full
waveform seismic data and electrical resistance tomography data showed
the geologic complexity was greater than anticipated [Johnson et al., 2019a;
Roggenthen et al., 2022]. Analysis of campaign seismic data for E1 revealed
that the rock is likely a horizontal transverse isotropic (HTI) medium [Gao et
al.,  2020].  Variations  in  stress measurements from a vertical  borehole  at
1.25 km depth (on the 4100 level) highlight the effects of local geology as
well, particularly the presence of a rhyolite body having a significantly lower
minimum principal  stress than the amphibolite  strata above and below it
[Roggenthen et al., 2024]. Careful characterization is needed to understand
the local geology and its effect on local stress and fluid flow. 

The  role  of  natural  fractures  on  stimulation  can  be  estimated  a-priori  if
enough  information  including  stress  and  fracture  orientations  can  be
determined by characterization [Singh et al., 2019]. Good discrete fracture
network  models  graphically  summarize  this  information,  making
interpretation  of  stimulation  behavior  more  tractable  [Schwering  et  al.,
2020].  Such models  require  frequent  updating  to  include  newly  found or
inferred fractures.

5.1.7 Thermal breakthrough

We did not conclusively establish thermal breakthrough in either of our flow
tests.  For  our  experimental  conditions  modeling  indicated that  significant
thermal breakthrough (1  C) would require months to years [Cusini et al.,
2023;  White et al., 2019;  Wu et al., 2020a] in spite of the relatively small
scale of the experiments. As flow was distributed and dynamic (Figure SI-8,
Mattson et al. [2023]), it is possible that thermal breakthrough occurred at
higher-flow  weep  locations  where  temperature  could  not  readily  be
monitored. Additionally, we encountered Joule-Thomson effects which caused
temperature increases as the water depressurized from the fractures to the
wells. This effect would mask the breakthrough of chilled water and the lack
of  consistent  flow  made  confident  estimation  unlikely.  The  moderate
temperature contrast between the injected fluid and the reservoir rock, along
with the relatively low water injection rates, also contributed to this outcome.
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5.1.8 Monitoring Stimulation

The  particular  set  concurrent  multiple  independent  measurement
technologies working together is unique to the EGS Collab project. Instead of
having  to  take  specific  observations  as  circumstantial  evidence,  the  EGS
Collab  Project  produced  several  lines  of  evidence  that  support  our
observations.  The many techniques used simultaneously during stimulation
and flow tests allow for technique comparison, and results from one can be
used corroborate  others.  For  example,  fracture hits  indicated by the DTS
system were used to corroborate MEQ locations [Schoenball et al., 2020a].
Several  methods  of  quantifying  fracture  opening  and  closure  were
demonstrated.  Continuous  active  source  seismic  monitoring  (CASSM)
spatially imaged fracture opening in the monitored region in E1. These data
have been compared with both passive seismic and DTS data [Ajo-Franklin et
al., 2018; Chi et al., 2020; Kneafsey et al., 2019b]. The SIMFIP tool was used
to quantify rock motion across a fracture or fractured zone in a borehole
during stimulations, and in a number of stress measurements in a vertical
borehole on the 4100-level [Guglielmi et al., 2021b;  Guglielmi et al., 2023;
Kneafsey et al., 2019b]. These high precision measurements show fracture
opening  and shear  as  well,  however  not  to  a  level  where  shear  became
important.  The  DORSA  tool  also  indicated  changes  in  rock  strain  at  a
distance from the injection well.  ERT results  have been used to interpret
geomechanical changes including fracture opening and closure [Johnson et
al., 2021], new flow in boreholes, and stress in the rock at locations distant
from the borehole (Figure 11) [Johnson et al., 2024]. DAS indicated strain and
DTS  indicated  fracture  hits.  The  combination  of  DAS  and  DTS  anomalies
show that strain was observed prior to temperature spikes indicating fracture
hits. This may indicate that fractures can be created hours before significant
flow occurs. The spatio-temporal relationship between strain, temperature,
ERT  anomalies  and  seismicity  are  also  being  visualized  to  understand
observations.  All  of  these  quantifications  provide  key  insights  into
stimulation. 

5.1.9 Grout

EGS  Collab  tests  were  designed  assuming  that  the  grout  used  to  fill
boreholes  with  monitoring  equipment  would  work  well.  Our  needs  were
complex because we needed the grout to seal, have stiffness similar to the
rock, and to have electrical properties allowing the ERT system to function
properly.  In E1, our grout was designed by researchers very familiar with
grouting environmental boreholes, not exposed to high pressure. The grout
we used in E1 contracted slightly and may have had too much water in it.
This led to small pathways where water could and did flow. Repairing this so
the  monitoring  equipment  in  a  grouted  borehole  was  functional  required
significant effort. For Testbed 2 we worked with researchers and designers
familiar with oil and gas drilling and unique grout applications. This resulted
in a custom grout  with known properties  that  was deployed with custom
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equipment  and  required  custom  wellheads  [Sollohub  et  al.,  2022].  This
resulted in far fewer problems and improved data and operation. 

5.1.10 Modeling

Although not addressed here, modeling was a critical element in the EGS
Collab  project,  used  in  experiment  design,  behavior  prediction,
analysis/interpretation,  and  model  development  was  required  at  times.
Modeling was also extremely useful in incorporating multiple data sources
and providing output to support interpretations from other data sources. The
major  learnings  regarding  modeling  were  to  start  with  well-developed
platforms that have been validated to the extent possible. Create models
that  can  be  challenged,  and  use  those  models  to  help  interpret  field
observations. Change the models and let them be simplified or made more
complex  in  response  to  field  observations.  Use  these  growing  models  to
determine  what  data  are  needed  to  further  challenge  the  model.  To
paraphrase  D.D.  Eisenhower  –  Models  are  worthless,  but  modeling  is
everything.

5.1.11 System Management

The management of our simple systems was complex. It required exercising
a number of models from conceptual to numerical that had to be changed
routinely  to  adapt  to  new  responses  from  known  or  unknown  stimuli.
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
(https://gdr.openei.org/egs_collab),  data  analytics  (e.g.,  inversion  models
[Chen  et  al.,  2018;  Feng  et  al.,  2024;  Li  et  al.,  2024;  Lia  et  al.,  2023
Submitted; Linneman et al., 2019; Pan et al., 2019; Pan et al., 2020; Qin et
al., 2021;  Qin et al., 2024], mapping [Fu et al., 2020;  Jafarov et al., 2020;
Neupane et al., 2019b;  Schwering et al., 2020;  Ulrich et al., 2022;  Ulrich et
al.,  2018;  Wu  et  al.,  2021c],  data  integration  [Burghardt  et  al.,  2020;
Kneafsey et al., 2021c; Schoenball et al., 2020b], machine learning methods
[Chai et al., 2022;  Chai et al., 2020;  Chakravarty et al., 2021;  Crowe et al.,
2019;  Lia  et  al.,  2023 Submitted]),  visualization  methods  [Johnson et  al.,
2021;  Neupane  et  al.,  2019b;  Ulrich  et  al.,  2022],  and  broad-spectrum
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. It is recognized that long-term involvement of a large group of
subject matter experts is infeasible, however access to such input may be
important. 

Many tools were used to characterize the site and to identify and quantify
behaviors resulting in many data streams and types. Both operational and
scientific data were collected. The most useful data were those that could be
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and were analyzed as soon as possible. Data collected “to be modeled later”
were  less  useful  than  those  that  were  available  ASAP.  This  drove  the
development of a centralized, cloud-based data repository accessible to all
team members across multiple organizations [Weers and Huggins, 2019] and
more  rapid  analysis  tools,  often  requiring  edge  computing  (i.e.  some
simplification prior to data transfer). An example of this was in locating MEQs
[Schoenball et al., 2020b] which were typically plotted within 30 seconds of
the events, enabling effective use of this information in near real time for
adaptive control of the experiments. 

The  limited  permeability  shown by many crystalline  rock  masses  is  well-
represented by the rocks of the current testbeds. Division of the rock mass
into separate reservoirs, often by high-angle fracture systems can result in
different  fluid  pressures  between  those  reservoirs  (i.e.,  reservoir
compartmentalization)  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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Figure SI-1. E2. 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. Left - Stress-driven 
fracture orientation hypothesis, Right - Rock fabric-driven fracture 
orientation hypothesis. Plots are colored according to the mean 
critical shear-to-normal stress ratio (i.e., maximum friction 
coefficient that permits slip with zero cohesion) (from Burghardt et 
al. (2022)). 
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Figure  SI-2.  E3.  Temperature  signal  from  the  distributed
temperature sensing (DTS) in monitoring well AMU showing a peak
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at a depth of about 35 m starting at about 5:30 UTC (white arrow).
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 SI-3. E3. Displacements measured by the SIMFIP and DORSA
probes  during  the  Zone  7  stimulation.  Top:  Injection  flow  rate,
pressure,  and  packer  pressures  during  the  test.  Center:
displacements in borehole TC indicated by the SIMFIP tool. Notable
displacements  are  seen  prior  to  and  during  stimulation.  Bottom:
displacements  indicated  by  the  DORSA tool  in  well  TN.  Note  the
increases in displacements over the last half  of the test.  Vertical
lines added as visual guides.
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Figure SI-4. E3. Microseismic events 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 SI-5.  E3.  Microseismic  events detected during flow testing
while injecting in 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.

60



61



Figure SI-6.  E3.  Change in temperature in each grouted borehole
during the circulation test in TU. Each borehole is represented by a
waterfall  plot  with red representing  temperature  increases  up to
0.25°C and blue representing decreases from the nominal start. 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. Sharp local increases in temperature
typically indicate fracture hits. Note seasonal warming of the drift is
more apparent in DMU and DML where ventilation was greater than
the boreholes collared in the alcove (AMU and AML). The injection
parameters are shown in the bottom panel for reference.
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Figure SI-7. E3. Difference ERT images – subtracting a baseline 
image from subsequent images highlights changes in the system. 
ERT imaging sequence showing changes in bulk conductivity during 
the TU 177.4 - 179.6 ft injection. the baseline ERT for this series is 
just prior to injection on May 19. These results show the total 
change in conductivity from the baseline over this duration. A-F 
show the change in bulk conductivity at the times indicated in panel
G. From time A-C, it is apparent that TS is filling with formation 
water (increasing in conductivity). 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 restricting fluid pathways. TC may 
also be infilling as suggested by the elongated positive anomaly 
along TC in C-F.
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May 24, 2022 June 1, 2022
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Figure SI-8. E3. Subjective observations of dripping 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.  Note  the
abundance and relative flow increasing to the south over time.
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Geophysical monitoring equipment specifications

Seismicity
Hydrophones had a relatively flat frequency response up to about 35 kHz, 
accelerometers were specified to have a flat response of 1 V/g up to 5-kHz 
frequency (±10%) and with a resonance frequency >20 kHz, however upon 
testing the frequency response became significantly nonlinear above about 5
kHz with several resonance frequencies at about 10 kHz and higher 
(Schoenball et al., 2020).
Piezoelectric accelerometers had a linear frequency response range of 0.5 Hz
to 22 kHz within 3 dB, hydrophones had a flat frequency response from 2 Hz 
to 2 kHz (Hopp, 2023b).

For Experiment 1 there were three recording systems:

1. Vibbox (passive): 100 kHz sampling rate
2. Geode (CASSM): 48 kHz sampling rate
3. Geores: Passive data was also recorded on a 96 channel OYO Geores 

system during the 4850 experiment (E1) at 4 kHz. The system 
recorded all testbed sensors available (hydrophones, 
accelerometers) as well as several 3C geophones installed in jackleg 
borings near the drift. Unfortunately, the 4 kHz recording (2 kHz 
Nyquist) was insufficient to capture the very high frequency 
microseismic events that were generated in the experiment. The 
Geores system was not redeployed for the 4100 experiments (E2 and
E3).

For Experiment 2, we used only systems 1. and 2. at the same sampling 
rates. 

System geometrical constraints
The network was designed to detect and locate seismicity that occurred 
along any of the 5-spot boreholes and was also well-situated to detect and 
locate seismicity along the inferred fracture between TC/TU and the battery 
alcove. Most seismicity was located outside the seismic network. However, 
the system correctly detected and located the FWS shots in TN, which proves
that the system was also sensitive to seismicity inside the network. 

CASSM

During the COLLAB 4850 experiment (E1), the CASSM system utilized an 
array of 17 piezoelectric seismic sources recorded by 2 x 12 channel 
hydrophone arrays and the 18 3C accelerometers. The sources were 
operated in pulsed mode (16 stacks/gather) and sequenced between sources
to acquire time-lapse epochs every 8-9 minutes continuously. While several 
2D profiles provided high ray density (e.g. OT to OB), the 3D volume is 
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sampled sparsely in space although densely in time, thus allowing 
tomographic tracking of velocity perturbations during stimulation. Sequential
differential traveltime measurements using the CASSM array showed 
repeatability on the order of 250 ns during quiet periods, thus allowing 
tomographic resolution of velocity perturbations < 10 m/s.

Fiber Optics
Also see (Hopp, 2023a; Rodríguez Tribaldos et al., 2024 (in press); Rodríguez 
Tribaldos et al., 2021)

Experiment 1:

 DAS Interrogator: Silixa iDAS v2
oSampling frequency: 1 kHz or 10 kHz (we were changing in 

between with the hope of catching seismicity)
oSpatial sampling: 1 m
oGauge length (which can be understood as spatial resolution): 10

m
 DSS Interrogator: Omnisens DITEST VISION Dual temperature and 

strain unit
oSampling frequency: ~1 min
oSpatial sampling: 0.41 m
oSpatial resolution: 1 m

Experiments 2 and 3:

 DAS Interrogator 1: Silixa iDAS v2
oSampling frequency: 500 Hz
oSpatial sampling: 1 m
oGauge length (which can be understood as spatial resolution): 10

m
 DAS Interrogator 2: OptaSense ODH3

oSampling frequency: 200 Hz
oSpatial sampling: 1 m
oGauge length (which can be understood as spatial resolution): 7 

m
 DAS Interrogator 3: Terra15 Treble

oSampling frequency: 36 kHz
oSpatial sampling: 2.45 m
oGauge length (which can be understood as spatial resolution): 

4.9 m
 DSS Interrogator: Omnisens DITEST VISION Dual temperature and 

strain unit
oSampling frequency: ~4 min
oSpatial sampling: 0.51 m
oSpatial resolution: 1 m
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In Experiments 2 and 3, the iDAS and the ODH3 interrogators were mostly 
used to monitor strain (deformation), whereas the Treble interrogator was 
deployed to monitor seismicity, although it proved challenging. The low-
frequency DAS shown in the paper is from the OptaSense ODH3 interrogator.
Regarding range and accuracy for DAS, manufacturers claim that they are 
sensitive down to the picostrain-nanostrain range. For DSS, the sensitivity is 
in the microstrain range. 

Electrical Resistance Tomography
Pertinent ERT settings:
Current injections: Alternating square wave at 1 Hz
Number of stacks: 3
Current magnitudes: 10-150 mA
Voltage applied to current electrodes: 50-170 V
Survey type: Pole-dipole
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Table SI-1. Experiment 1 Stimulations

Stimulation Flow 
rates (L/
Min) / 
Injection
Volume

Relevan
t 
Pressur
e (MPa)

Notes

Hydraulic 
Stimulation 
#1 at 142’ 
Notch 
May 21, 2018 -
May 22, 2018

0.4 Breakdow
n 31

Breakdown 31 MPa (4500 psi) 
significantly above the minimum 
principal stress of 21.7 MPa (3147 
psi), probably intersecting an 
observed natural fracture and 
leading to water flow returning up 
the borehole. A total of twelve 
liters of water were injected in this
test. (Kneafsey et al., 2019)

Hydraulic 
Stimulation 
#2 at 164’ 
Notch 
May 22, 2018 -
May 24, 2018

0.2 / 2.1 L
0.4 / 23.5
5 / 80.6

Propagati
on 25.43,
25.95, 
26.88

In the first step, 2.1 L of water was
injected at 200 mL/min. The 
propagation pressure was 25.43 
MPa (3688 psi) and the 
instantaneous shut-in pressure 
(ISIP) was 25.37 MPa (3679 psi). 
In the second step, 23.5 L of water
was injected at 400 mL/min 
resulting in slightly higher 
propagation pressure and ISIP 
(25.95 and 25.82 MPa 
respectively, 3763 and 3744 psi). 
The pressure decay following this 
step indicated that the hydraulic 
fracture may have intersected a 
natural fracture. 
The third step was performed at 
5L/min and had an injection 
volume of 80.6 L, with a 
propagation pressure and ISIP of 
26.88 and 25.31 MPa (3898 psi 
and 3670 psi), respectively. 
(Kneafsey et al., 2019)

Hydraulic 
Stimulation 
#3 at 128’ 
Notch 
Jul. 18, 2018 – 
Jul. 20, 2018

Day 1 - 
0.4 
Day 2 - 
1.5 

Breakdow
n 27.9

Flow bypassed the top injection 
packer through fractures, and 
resulted in a hydraulic fracture 
connecting to E1-OT.
After an overnight shut‐in, 
stimulation treatment continued 
on 20 July with injection rates up 
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to 1.5 L/min and pressure of 
almost 30 MPa. (Schoenball et al., 
2020)

Hydraulic 
Stimulation 
#4 at 142’ 
Notch 
Dec. 7, 2018 - 
Dec. 20, 2018

Day 1 - 
2.5
Day 2 - 5 

Day 1 - 
Fracture 
opening 
32
Day 2 - 
propagati
on 32.7

Day 1 pressurized using a flow 
rate of 2.5 L/min to a pressure of 
32 MPa where we observed 
fracture opening. Less than 2 min 
after reaching the fracture 
opening pressure, a packer 
element burst and we had to 
cancel the stimulation. After 
replacing the packer, a third 
attempt to stimulate the interval 
began on 21 December 2018. We 
increased the flow rate up to 5 
L/min and observed the maximum 
pressure of 33.7 MPa, which 
reduced and stabilized at 32.7 MPa
during fracture propagation. 
(Schoenball et al., 2020)
This stimulation extended at least 
one hydraulic fracture to E1-OB 
and E1-P, and also connected to all
other wells except for E1-PDB. 
(Kneafsey et al., 2019)

Table  SI-2.  Summary  of  Experiment  2  stimulation  activities.  All
simulations were conducted in well TC using SIMFIP. (Schwering et
al., 2023)

Start 
Time
(UTC)

End 
Time
(UTC)

Interva
l
Top
(m)

Interva
l
Bottom
(m)

Notes

3/23/22 
14:21

3/23/22 
19:28

8.23 10.64 Tensile hydraulic fracture at shallow 
depth outside of monitoring zone to 
verify fracture pressure. Hydraulic test 
was done on 24 March 2022 in the same
zone. This test indicated that fracturing 
may occur between 3500 and 4000 psi 
(24.13 MPa to 27.6 MPa).

3/23/22 
21:38

3/24/22 
14:38

58.64
(Zone 
7)

61.05 Overnight pressure held at 15.2 MPa 
(2200 psi).
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3/24/22 
14:38

3/24/22 
17:11

63.46 65.87 60-minute pressure held at 15.2 MPa 
(2200 psi).

3/24/22 
17:12

3/24/22 
19:10

53.83 56.24 60-minute pressure held at 15.2 MPa 
(2200 psi).

3/24/22 
19:10

3/24/22 
21:04

49.01 51.42 Pressure held at 15.2 MPa (2200 psi). 
Subsequent injections into TU on 05 May
2022 fractured into this zone and on 06 
May 2022 injections were made into the 
fracture that was created from TU. 
Additional high-rate injections were 
made on 18 May 2022. These later 
injections are documented as part of 
Experiment 3.

3/24/22 
21:04

3/24/22 
22:08

44.20 46.61 Pressure held at 15.2 MPa (2200 psi). 
Subsequent injections in this zone were 
made on 13 April 2022 and are 
documented as part of Experiment 3.

3/24/22 
22:08

3/24/22 
22:42

8.23 10.64 Held pressure at 15.2 MPa (2200 psi) to 
evaluate post-fracture hydraulic 
conductivity. The fracture was 
generated on 23 March 2022 as a tensile
fracture.

3/25/22 
0:00

3/25/22 
0:00

61.05 63.46 Pressure held at 16.1 MPa (2340 psi). 
Test was shortened to less than 60 
minutes due to time constraints.

3/25/22 
15:23

3/25/22 
17:52

46.60 49.01 Pressure held at 16.1 MPa (2340 psi). 
There was a Quizix pump 
communication problem that resulted in 
a premature depressurization of the 
interval. The test was resumed but was 
shortened from the planned 60-minute 
hold.

3/25/22 
17:52

3/25/22 
19:21

51.42 53.83
 

Pressure held at 16.1 MPa (2340 psi). 
Test was shortened to less than 60 
minutes due to time constraints. On 14 
April 2022 a stimulation was made in 
this zone by cycling the injection 
pressure above/below the fracture 
opening pressure repeatedly. This later 
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injection is documented as part of 
Experiment 3.

3/25/22 
19:23

3/25/22 
20:50

56.23 58.64 Pressure held at 16.1 MPa (2340 psi). 
Test was shortened to less than 60 
minutes due to time constraints.

3/25/22 
22:08

4/11/22 
17:02

58.64
(Zone 
7)

61.05 Pressure held at 16.1 MPa (2340 psi) 
from 25 March 2022 until 11 April 2022 
to give as much time as possible for 
pressure to diffuse into natural fractures
and promote shear slip/stimulation. On 
11 April 2022, after no indication of 
shear stimulation had occurred, a 
constant rate injection at 3 mL/min was 
started. This is considered as the 
transition to Experiment 3 since the 
pressure was intentionally allowed to 
exceed the least compressive principal 
stress.

Table  SI-3.  Summary  of  Experiment  3  stimulation  activities.
(Schwering et al., 2023).

Time
(UTC)

Stimula
ted
Well/
Interval

Metho
d

Volu
me

Conn
ects 
to/
Interf
erenc
es

Breakd
own 
(psi)

Notes

4/11/22 
17:02 - 
4/12/22 
19:50

TC 58.64
- 61.05 /
SIMFIP
(Zone 7)

Increasi
ng flow 
from 
0.003 L/
min to 
0.4 
L/min

300 L TN, TS
(drippi
ng), 
AMU

3650 Constant rate 
injection at increasing 
rates, then shut-in 
when fracture was 
detected in 
monitoring well AMU 
via DTS anomaly and 
dripping from well 
head. Subsequent 
flow test, observed 
with a downhole 
camera, was 
conducted on 20 April 
2022.
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4/12/22 
19:52 - 
4/13/22 
21:51

TC 44.20
- 46.61 /
SIMFIP
(Zone 1)

- - - - Pressure held at 13.8 
MPa (2000 psi) 
overnight. On 14 April 
2022 a high-rate 
injection was 
conducted and 
stopped when outflow 
was observed in the 
drift.

4/13/22 
21:52 - 
4/14/22 
15:44

TC 58.64
- 61.05 /
SIMFIP
(Zone 7)

1 L/min,
5 L/min

400 L TN, 
TL, 
TS, 
and 
TV410
0

~3400 
psi

Hydraulic test of 
fracture created with 
constant-rate 
injections on 11-12 
April 2022.

4/14/22 
15:46 - 
4/14/22 
18:15

 TC 
44.20 - 
46.61 
/SIMFIP
(Zone 1)

- - - - Hydraulic test of 
fracture created on 13
April 2022.

4/14/22 
18:16 – 
4/14/22 
21:30

TC 51.42
- 53.83 /
SIMFIP
(Zone 4)

Cyclic 
(2800 <
P < 
4500 
psi)

40 L TN, 
TL, 
and 
TS (a 
little)

Not 
clear

Cyclical injection 
above/below fracture 
pressure until 40 L 
had been injected and
flow from production 
wells was observed. 
Following this 
stimulation, the well 
was held under 16.1 
MPa (2340 psi) 
constant pressure for 
several days to 
observe flowback. 
Subsequently an 
injection was made on
21 April 2022 into this
zone with the 
downhole camera 
deployed in TN and TL
to observe outflow 
locations.

5/5/22 TU 1 L/min, 1200 LTC, 5500 psi Initial stimulation 
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18:3
9 - 
5/7/22 
0:00

54.07 - 
54.74 
26" 
straddle

5 L/min TN, 
and 
TL

of this zone.

5/17/22 
20:45 - 
5/18/22 
01:45

TC 45.93
– 46.60, 
26 “ 
straddle

5 L/min 1,500 
L

TN, TL, 
DML

Stimulation at 5 L/min 
in Zone 1. Less than 
20% recovery in TL & 
TN, and DTS indicated
intersection with DML.
Aborted after 5 hours 
to try stim/flow of 
Zone 3. This stim/flow 
test was accidentally 
overlooked in the 
table presented by 
Schwering et al. 
(2023).

5/18/22 
14:24 - 
5/19/22 
13:52

TC 50.44
- 51.11 
26" 
straddle

5 L/min 3600L TL, 
Battery
Alcove,
DML

- Stimulation at 5 L/min.
Outflow was mostly 
from TL with about 
20-25% recovery. 
Weeps in the drift 
near the Battery 
Alcove were observed.
Flow was stopped on 
the evening of 19 May
2022 3:44:55 after an 
intersection with DML 
was observed with the
DTS.

5/19/22 
13:42 - 
5/19/22 
13:52

TU 
50.44- - 
51.11 
26" 
straddle

- - - - Stimulation of this 
zone, leakage 
observed at DML.
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