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A  series  of stimulation  treatments  were  performed  as  part of the Engineered  Geothermal  System  (EGS)
experiment  in the  shallow  open-hole  section  of  Desert  Peak  well  27-15  (September  2010–November
2012).  These  injections  at variable  wellhead  pressures,  both  below  and  above  the  magnitude  of  the
least  horizontal  principal  stress  (Shmin),  produced  injectivity  gains  consistent  with  hydraulically  induced
mechanical  shear  and  tensile  failure  in  the surrounding  rock. A  conceptual  framework  for  the  overall
Desert  Peak  EGS  experiment  is developed  and  tested  based  on  a synthesis  of available  structural  and
geological  data.  These  data  include  down-hole  fracture  attributes,  in  situ  stress  conditions,  pressure
interference  tests,  geochemical  tracer  studies,  and  observed  induced  seismicity.  Induced  seismicity  plays
a  key  role in  identifying  the geometry  of  large-scale  geological  structures  that  could  potentially  serve
as  preferential  flow  paths  during  some  of the  stimulation  phases.  The  numerical  code  FLAC3D  is imple-
mented  to simulate  the  reservoir  response  to  hydraulic  stimulation  and  to  investigate  in situ  conditions

conducive  to both  tensile  and  shear  failure.  Results  from  the  numerical  analysis  show  that  conditions  for
shear  failure  could  have  occurred  along  fractures  associated  with  a large  northeast-trending  normal  fault
structure  located  ∼400 m  below  the  injection  interval  which  coincides  with  the  locations  of most  of the
observed  micro-seismicity.  This  structure  may  also  provide  a hydrologic  connection  between  EGS well
27-15  and  injection/production  wells  further  to  the  south–southwest.

©  2015  Elsevier  Ltd. All  rights  reserved.
. Introduction and background

The goal of an Engineered Geothermal System (EGS) is to
evelop a complex and extensive fracture network in hot, initially

ow permeability rocks lacking commercial-scale permeability. In
hese systems, a desired characteristic of the generated network is a
arge ratio of surface area to rock volume for optimal heat exchange.

hen applied to operational hydrothermal reservoirs, EGS stimu-

ations are intended to convert low-permeability unusable wells
nto operational injectors or producers, thereby increasing field
roductivity. EGS experiments to date, such as the European

∗ Corresponding author. Tel.: +39 3317504014.
E-mail address: stefano.benato@gmail.com (S. Benato).

ttp://dx.doi.org/10.1016/j.geothermics.2015.06.008
375-6505/© 2015 Elsevier Ltd. All rights reserved.
Soultz-sous-Forêts (Genter et al., 2009, 2013), the US Desert Peak
(Chabora et al., 2012; Stacey et al., 2010; Zemach et al., 2010) and
Newberry (Cladouhos et al., 2012), and the Australian Habanero
(Wyborn, 2011), have typically used hydraulic stimulation tech-
niques to enhance the permeability and connectivity of preexisting
and naturally tortuous fracture networks generally found to be
ubiquitous within the crust.

The Desert Peak geothermal field is a successfully operating
geothermal field with ∼10 MWe  output located in the northern
portion of the Hot Springs Mountains of northwestern Churchill
County, Nevada, about 100 km northeast of Reno. Well 27-15 was

selected to carry out a U.S. Department of Energy-supported EGS
project with the intent of improving the hydraulic connection
with the rest of the reservoir and enhancing overall injectivity
(see Chabora et al., 2012 and references therein). Well 27-15 was

dx.doi.org/10.1016/j.geothermics.2015.06.008
http://www.sciencedirect.com/science/journal/03756505
http://www.elsevier.com/locate/geothermics
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mailto:stefano.benato@gmail.com
dx.doi.org/10.1016/j.geothermics.2015.06.008


1 ermic

o
c
i
S
o
f
t
i
e
t
(
9
i
s
u
a

l
t
w
2
p
t
i
t
w
w
c
c
j
(
d
o
h
T
(
e
t
l
fl
t
s
s
t
2
p
e
2

b
−
t
p
a
l
a
t
(

t
s
o
f
t
m
u

40 S. Benato et al. / Geoth

riginally drilled to a total depth of about 1771 m,  with the
ompleted open interval (914 m–1771 m)  displaying a baseline
njectivity of ∼0.2 gpm/psi (1.8 kg/s/MPa) (Zemach et al., 2010;
tacey et al., 2010). In 2010 it was plugged back to a total depth
f about 1067 m,  with the completed open-hole section available
or stimulation extending from 914 m to 1067 m (here referred to as
he “shallow” stimulation interval) and displaying a baseline inject-
vity of ∼0.012 gpm/psi (0.1 kg/s/MPa) (Chabora et al., 2012; Stacey
t al., 2010). In November 2012, following the shallow stimula-
ion treatment, the well was re-completed to the original depth
1771 m),  resulting in a longer open-hole section extending from
14 m to 1771 m (here referred to as the “extended” stimulation

nterval) which was then subjected to a final phase of full-hole
timulation (Hickman and Davatzes, 2010). Only hydraulic stim-
lation treatments carried out in the shallow interval of well 27-15
re considered in this study.

The first series of hydraulic stimulations conducted in the shal-
ow open interval of Desert Peak well 27-15 from September 2010
hrough April 2011 led to a nearly 60-fold increase in injectivity
ith respect to the shallow interval baseline value (Chabora et al.,

012). This stimulation was carried out using two different fluid
ressure conditions relative to the least principal stress. An ini-
ial period of shear stimulation (September 2010), which increased
njectivity from ∼0.011 to ∼0.15 gpm/psi (0.1–1.4 kg/s/MPa) (more
han one order of magnitude), was conducted as a series of steps
ith fluid pressures less than, or equal to, a maximum of 4.5 MPa
ellhead pressure (WHP). The maximum WHP  was  intentionally

hosen to remain below the magnitude of the least horizontal prin-
ipal stress (WHP ∼5.2 MPa), which was measured in this well
ust below the casing shoe with a mini-hydraulic fracturing test
Hickman and Davatzes, 2010). This low flow-rate phase was  imme-
iately followed by a large-volume, controlled hydraulic fracturing
peration (April 2011) that lasted more than 23 days and involved
igh injection rates and WHP  in excess of the least principal stress.
his hydraulic fracturing stage resulted in a final ∼0.54 gpm/psi
4.9 kg/s/MPa) injectivity (additional 4-fold increase) (Chabora
t al., 2012). Temperature-Pressure-Spinner (TPS) logs show that
he injected fluid exited and stimulated well 27-15 at two primary
ocations: (1) the bottom of the open-hole section during the low
ow-rate injection phase and (2) the hydraulic fracture just below
he casing shoe during the high flow-rate injection phase. Further
timulation phases – not considered here – were performed in the
hallow open interval in May–June 2011 and October 2011, and in
he extended open interval in January–March 2013 (Hickman et al.,
013). Stimulation operations along the extended open interval
rovided a final >2.1 gpm/psi (19.2 kg/s/MPa) injectivity (Hickman
t al., 2013; Chabora and Zemach, 2013; Chabora and Zemach,
013), though the analysis of this treatment is still in progress.

Throughout the EGS experiment (2010–2013), a great num-
er of micro-earthquakes (MEQs) with magnitudes ranging from
1.0 to +1.5 were recorded between EGS well 27-15 and injec-

ion/production wells to the south-southwest, including in the
roximity of injection wells 21-2 and 22-22. Some of these events
ppear to display a cause–effect relation between hydraulic stimu-
ations performed in well 27-15 and deformation in the reservoir,
lthough this relation was often complicated by injection opera-
ions being carried out simultaneously in injectors 21-2 and 22-22
Fig. 1).

A cause–effect relation between fluid injected in well 22-22 and
he occurrence of microseismicity seems evident on a few occasions
uch as August 2011 (Fig. 2) and March 2012 (Fig. 3). Stimulation
perations were then down in EGS well 27-15 and seismic swarms

ollowed sudden injection changes in well 22-22, and clustered in
he vicinity of well 22-22. In other instances such as in April 2011,

icroseismic events appear to have developed as a result of stim-
lation treatments in well 27-15 and their hypocenters clustered
s 63 (2016) 139–156

in volumes closer to well 27-15 (the majority in the same depth
range as a deep fault zone discussed in Section 3) (Fig. 4). For these
reasons, the April 2011 stimulation phase is used for analysis and
modeling purposes here (see below). Whether or not a cause–effect
relation exists between fluid injected in well 21-2 and the occur-
rence of microseismicity is investigated and discussed below (see
Section 5).

During most of the stimulation stages, including April 2011,
the MEQs appear to have occurred when the greatest injectivity
gains – indicating permeability development/enhancement – were
observed, and for this reason it is critical to correctly understand the
implications the events may  have had in the stimulation treatment
(Fig. 5).

Prior to the seismic network upgrade (November 2012), poor
focal sphere coverage and limited constraints (signal-to-noise
ratio) on the seismic velocity model made it difficult to: (1) derive
the exact source mechanism for these MEQs,  (2) detect events
smaller than magnitude Mw < +0.1, and (3) define the location of
individual events with precision. Regarding the detection of tensile
failure during stimulation above Shmin, relatively high frequency
signals at the crack tip are usually produced–typically of M � 0
– which can only be detected with the use of specialized down-
hole instruments (Sherburn and Quinn, 2012). Thus, it is likely
that the primary process generating the observed MEQ  events at
Desert Peak was hydraulically induced shear failure (Mode II-III)
along pre-existing natural fractures and faults that were criti-
cally oriented for slip within the regional stress field ((Davatzes
and Hickman, 2009; Hickman and Davatzes, 2010). Given that
most of the MEQs occurred simultaneously with the greatest
recorded injectivity gains, this may  also indicate that some shear
failure (i.e., hydro-shearing resulting in the generation of MEQs)
could have contributed to reservoir transmissivity enhancement
at Desert Peak (i.e., fluid supplied from well 27-15 → shear defor-
mation → MEQs → reduction in resistance to flow → permeability
gain), although this will be verified as part of a future study.

2. Objectives and roadmap

In this paper a conceptual model is developed from a compre-
hensive synthesis of all available geological, structural, hydrologic
and seismic datasets. A hydro-mechanical, numerical framework
is then implemented to test if the proposed conceptual model is
generally able to reproduce observations from selected phases of
the shallow stimulation experiment. The parameterization of the
model is based on rock mechanics tests (Lutz et al., 2010), formation
permeability computed from the integration of analyses discussed
in Section 4 (Technical Approach), and stress magnitudes from a
mini-hydraulic fracturing experiment.

The first goal of this study is to identify any structure that (1)
appears to be spatially associated with the development of micro-
seismicity during the various stimulation operations, and (2) may
also represent a permeability conduit enabling connection to the
rest of the field.

The second goal of the study is to numerically simulate whether
fluid pressure diffusion in the reservoir in response to selected
injection phases into well 27-15 is sufficient to induce frictional
failure within the identified structures. This simulation utilizes: (a)
an assessment of permeability distribution based on the integra-
tion of injectivity tests, pressure response modeling, interference
test modeling and statistical Discrete Fracture Network (DFN) anal-
yses, (b) injection rates applied to well 27-15 during the April 2011

shallow, medium flow-rate stimulation phase (Fig. 5), and (c) con-
current injection rates applied to nearby wells 22-22 and 21-2.

The April 2011 shallow, medium flow-rate phase is selected as a
good candidate for numerical simulation because: (a) the timing of
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ig. 1. Injection flow-rate history in wells 27-15, 22-22 and 21-2, and observed mic
10  times) for graphic purposes only. Different time windows in the upper part of th
o  be associated with sudden changes in injection flow-rates in either or both wells

he observed microseismic swarm appears to have coincided with
he beginning of the hydraulic treatment in well 27-15 (Fig. 1), (b)
he MEQs clustered in volumes closer to well 27-15 (Fig. 4), (c) the
ccurrence of MEQs both preceded and coincided with injectivity
ains observed in well 27-15 (Fig. 5), and (d) the injection flow-rate

pplied to well 27-15 was relatively constant. For the purpose of
his study and for simplicity, only the medium flow-rate stage is
imulated here, as the overall down-hole conditions were similar
o the subsequent high flow-rate stimulation phase.

ig. 2. Map  and 3D view of the induced microseismicity observed in August 2011. Ove
ell  22-22 is being altered. The events appear located primarily around and south of we

Hmax direction inferred from observation of borehole failures in well 27-15 (Davatzes an
nterpreted faults (Faulds et al., 2012a,b); larger black dots shown on downthrown sides 
micity throughout the EGS project. Flow-rates in wells 22-22 and 21-2 are reduced
ph point at periods of higher density of microseismic activity. This activity appears

 and 27-15.

3. Reservoir conceptual model

The Desert Peak geothermal field is located in the northern
portion of the Hot Springs Mountains. Extensive drilling in the
Desert Peak geothermal area has shown that the Hot Springs

Mountains are mainly comprised of Tertiary volcanic and sed-
imentary rocks that lie directly on Mesozoic metamorphic and
granitic basement (Faulds et al., 2010, 2012a,b; Lutz et al., 2009)
(Figs. 6 and 7).

r this period, injection operations in EGS well 27-15 are down while injection in
ll 22-22 and at the depth of a deep structural feature (STF discussed in Section 3).
d Hickman, 2009; Hickman and Davatzes, 2010). Black lines show surface trace of
of normal faults.
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Fig. 3. Map and 3D view of the induced microseismicity observed in March 2012. Over this period, injection operations in EGS well 27-15 are down while injection in
well  22-22 is being altered. The events appear located primarily around and south of well 22-22 and at the depth of a deep structural feature (STF discussed in Section 3).
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Hmax direction inferred from observation of borehole failures in well 27-15 (Davat
nterpreted faults (Faulds et al., 2012a,b); larger black dots shown on downthrown 

A combination of ∼2–3 km of volcanic and sedimentary rocks
akes up the Tertiary section. These are often intruded by late
iocene basalt plugs, as in the case of Desert Peak, where a

arge basalt plug is capped by porphyritic basalt flow (8.9 Ma).

he late Miocene section of the northern Hot Springs Mountains
ncorporates several ash-fall deposits (i.e., Tephras). These are key

arkers which ease and constrain the correlation of stratigraphic
nits and make the offset evaluation between fault blocks possible

ig. 4. Map  and 3D view of the induced microseismicity observed between April 2 and A
f  EGS well 27-15 is being stimulated while injection in well 22-22 is relatively stable. T
tructural feature (STF discussed in Section 3). SHmax direction inferred from observatio
avatzes, 2010). Black lines show surface trace of interpreted faults (Faulds et al., 2012a,b
d Hickman, 2009; Hickman and Davatzes, 2010). Black lines show surface trace of
of normal faults.

(i.e., offset magnitude on major faults) (Stewart and Perkins, 1999;
Faulds et al., 2010).

The Desert Peak geothermal field and the Northern Hot Springs
Mountains lie within the NNE-trending Humboldt structural zone,

which is orthogonal to the extensional direction of the Walker Lane.
On a large scale, the Walker Lane is a system of dextral faults that
accommodates ∼20% of the relative motion between the Pacific and
North American plates (Faulds and Henry, 2008).

pril 6, 2011 (medium flow-rate phase). Over this period, the shallow open interval
he events appear primarily located around well 27-15 and at the depth of a deep
n of borehole failures in well 27-15 (Davatzes and Hickman, 2009; Hickman and
); larger black dots shown on downthrown sides of normal faults.
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Fig. 5. Well 27-15 injection flow-rate and wellhead pressure (WHP) during the April 2011 medium to high flow-rate stimulation phases. Pressure declines under constant
or  increasing injection flow-rates indicate reservoir transmissivity enhancements. Microseismic activity precedes – or coincides with – the greatest injectivity gains.

Fig. 6. Three-dimensional geological model of the EGS wellsite, derived from Faulds et al. (2010) and Faulds et al. (2012a,b) but with a simplified lithology, grouped into
f  abbre
l ussed 

r

t
e
G
b
(

ewer  units (Fig. 7) to facilitate conceptual modeling and numerical simulation. Unit
avas  and ash-flow tuffs; Bl, basalt lavas. Red arrow points out fault zone (STF) disc
eader  is referred to the web  version of this article.)

Geodetic data indicate that about 1 cm/year of dextral motion is
ransferred from the north end of the Walker Lane into the WNW

xtension between the Sierra Nevada block and central parts of the
reat Basin. This active extension and associated dilation is proba-
ly responsible for the recurrent geothermal systems in this region
Faulds et al., 2012a,b).
viations: J, Jurassic metamorphic basement; PT, Pre-Tertiary basement; Tr, Tertiary
in Section 3. (For interpretation of the references to color in this figure legend, the

The dominant fault pattern trends about N25◦E and appears
to be related to Basin-and-Range tectonic stresses. The Humboldt

structural zone may  reflect both strain transfer and extension
related to the Walker Lane. The most significant fault in the area is
the WNW-dipping Rhyolite Ridge fault zone, which consists of sev-
eral strands and steps to the left, in the vicinity of the Desert Peak
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ig. 7. Lithology correlations between available Desert Peak geological models (Fau
or  the wellsite’s 3D conceptual model (Fig. 6). Well 27-15 schematic diagram (shal

eothermal field (Faulds et al., 2010) (Fig. 8). NW-trending grav-
ty contours across the Desert Peak field may  reflect a relay ramp
Larsen, 1988) associated with southward-increasing displacement
n the Rhyolite Ridge fault zone (Faulds et al., 2010). The role of
he relay ramp in concentrating stress within the geothermal sys-
em based on fault geometry and local stress state is addressed
n Swyer and Davatzes (2012, 2013). Kinematic data gleaned from
ault surfaces indicate dip-slip normal displacement on the NNE
triking faults and a WNW-trending extension direction, which is
ompatible with: (1) regional extension directions inferred from
eodetic data (Hammond and Thatcher, 2004), (2) borehole tensile
ailure data and stress magnitudes from a mini-hydraulic fracturing
xperiment, and (3) rock densities consistent with a normal faul-
ing stress regime from wells in the area ((Davatzes and Hickman,
009; Hickman and Davatzes, 2010) (Fig. 8). The current stratig-
aphy and structural conceptualization at Desert Peak is based on
riginal core logs and on the interpretation mainly of concealed
aults. The location of structures and units may  be approximate.

 more detailed geological and structural analysis together with a
horough re-logging of cuttings and core (as was done in the case
f the neighboring Brady’s field (Faulds et al., 2013)) may  provide
urther constraints on the Desert Peak reservoir conceptualization
n future.

The most productive area in the system occupies left steps in the
NE-striking, W-dipping normal fault system (Faulds et al., 2010).

lthough left-stepping oblique or strike-slip faults are not required

or the localization of high permeability (i.e., interaction among
ormal faults could also lead to dilation and locally enhanced frac-
ure permeability in this region), the potential for high fracture
 al., 2010, 2012a,b; Lutz et al., 2009, 2010) and simplified lithological grouping used
terval completion) also shown.

density in this step-over region could enhance permeability (Faulds
et al., 2010) and is consistent with modeled slips on the Rhyolite
Ridge fault (Swyer and Davatzes, 2012). Tracer test returns in pro-
duction well 74-21 from injection in both 21-2 and 22-22 confirm
strong hydraulic connectivity in the productive area of the field
(Rose et al., 2009) (Fig. 9). In contrast, tracer tests conducted by
injecting into well 27-15 and sampling in well 74-21 show only
a modest connection between 27-15 and the rest of the reservoir
(Chabora et al., 2012).

Like many other fields, the volume of hot rock surrounding the
Desert Peak geothermal field is far more extensive than the volume
of hot and permeable rock. These circumstances drove the need for
an EGS experiment that could extend the reservoir into untapped
hot rock to the north of the field, creating potential new injectors
and increasing the residence time of the fluid.

The orientations of the horizontal principal stresses in well
27-15 were determined through the analysis of drilling-induced
tensile fractures visible in both high-temperature acoustic tele-
viewer (ABI85) and formation micro-scanner (FMS) logs. These
drilling-induced structures indicate that the azimuth of the min-
imum horizontal principal stress, Shmin, is currently oriented
114 ± 17◦ (corresponding to a maximum horizontal principal stress
of 024 ± 17◦) (Davatzes and Hickman, 2009). Previous analysis
of stress directions from borehole failure observed in well 23-1,
located 2 km E-SE of well 27-15, is in excellent agreement with

stress orientations inferred from well 27-15 (Robertson-Tait et al.,
2004), suggesting a regionally uniform stress field (Fig. 8).

A detailed 3D analysis of the EGS wellsite, based on the Desert
Peak geological cross section and map  (Faulds et al., 2010, 2012a,b),
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Fig. 8. Desert Peak Geothermal Field: a consistent orientation of Shmin is inferred from observations of tensile fractures in wells 27-15 (Davatzes and Hickman, 2009) and
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3-1  (Robertson-Tait et al., 2004). Production wells are shown in dark red, injector
wyer and Davatzes, 2012 and Faulds et al., 2012a,b). The surface trace of the Shear
n  orange dashed line. (For interpretation of the references to color in this figure le

uggests that EGS well 27-15 and injector well 22-22 encounter the
ame permeable horizon at about 1400 m depth, which is consis-
ent with a moderate inter-well connection revealed by pressure
nterference testing (Fig. 10) (Zemach et al., 2010) and TPS logs
Davatzes and Hickman, 2009). Significant fluid loss associated with
arge-aperture fractures is observed at approximately 1400 m in

ell 27-15 (Davatzes and Hickman, 2009) (prior to plugging back
he borehole), and in well 22-22 a major feed zone is found at
1340 m depth. The weak connectivity between wells 27-15 and
2-22 confirmed by the interference hydraulic testing (Fig. 10)
Zemach et al., 2010) may  be occurring through this deeper fluid
oss/feed zone (∼1400 m).  This horizon – striking approximately
arallel to SHmax – appears to be the projection at depth of one of
he main Rhyolite Ridge Fault Zone structures mapped at the sur-
ace (Figs. 8 and 11), and coincides with the depth (1400–1600 m)
t which several MEQs are observed during both shallow and
xtended stimulation operations in well 27-15 (Figs. 4 and 19).

Therefore, a major NNE-SSW striking and WNW  dipping seg-
ent of the Rhyolite Ridge Fault Zone might extend between
ells 22-22 and 27-15 and establish a cross-formational hydraulic

onnection between these two wells (Fig. 11). This structure
ppears to represent a preferential flow path for fluids circulat-
ng in its vicinity and it is well oriented for shear failure within
he current stress field (Hickman and Davatzes, 2010; Swyer and
avatzes, 2012). For these reasons it will be referred to as “STF”

Shearing Target Fault) throughout this paper. Tracer tests sug-
est that permeability along this structure decreases northward
f the injectors (Fig. 9) or with increasing distance from the

ost productive area in the field (Rose et al., 2009). In the vicin-

ty of well 27-15, the STF is sub-parallel to the main Rhyolite
idge Fault Zone, while it appears to slightly change its orienta-
ion and steps over south toward wells 22-22 and 21-2 (Fig. 8).
een, EGS well 27-15 in light red, unused well 23-1 in white (figure modified from
rget Fault (STF) inferred to intersect wells 22-22 and 27-15 at depth is shown with
the reader is referred to the web version of this article.)

Among the many Rhyolite Ridge Fault strands, the STF shows one
of the greatest throws, of the order of several tens of meters.
Studies of surface outcrops and borehole logs of normal faults in
similar settings suggest the damage zone associated to such throws
may  be of the order of tens of meters and even thicker where vari-
ations in dip and linkage occur (Shipton et al., 2006).

Based upon this wellsite conceptualization, we propose that
some of the microseismicity observed as part of the EGS project
may  display shear deformation on the STF as a result of stimulation
treatments carried out in well 27-15. As introduced above, injection
operations into wells 21-2 and 22-22 also appear to have affected
the reservoir pressurization and the development of microseis-
micity throughout the EGS project. In April 2011, however, the
hypocenters mainly clustered in the vicinity of well 27-15 (at the
depth of the STF), suggesting that a cause–effect relation between
stimulation operations in well 27-15 and the development of
microseismicity primarily existed during the medium to high flow-
rate stimulation phases. During the April 2011 medium flow-rate
phase, ∼15 events (out of 18) are located in the vicinity of the STF.
Taking into account the hypocenter errors, the most likely structure
which generated the majority of the observed MEQs remains the
STF with its surrounding damaged rock volume (Fig. 12). Toward
the end of the April 2011 medium flow-rate phase, few MEQs (n.
3) appear closer to the open-hole section; their timing and location
may  be associated with a slight cooling/strain of the reservoir or
a subordinate slip triggered by thermal damage on well-oriented
sub-sets of existing natural fractures. It is difficult to define with
certitude the role and origin of these (minor) events, though most

of the permeability gain for this phase is observed prior to their
occurrence. A more precise seismic velocity model derived from
double-difference tomography (in progress) may better constrain
their location and significance.
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Fig. 9. Hydrologic connections (i.e., flow paths) inferred in 2009 by injecting tracers in injection wells 22-22 and 21-2 and by sampling in production wells. Results show
strong returns nearest producer 74-21, and slower, weaker returns to other wells. A connection between reservoir and 22-22 occurs through the Rhyolite Unit base.

Figure modified from Rose et al. (2009) and Faulds et al. (2012a,b)

Fig. 10. 2009 interference test conducted by altering injection rates in wells 22-22 and 21-2 while observing pressure response in well 27-15 (Zemach et al., 2010). The test
shows  that well 27-15 is mainly (though weakly) connected with well 22-22.

Figure modified from Zemach et al. (2010)
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Fig. 11. Conceptual model of the major fault strands of the EGS wellsite (inferred from the Desert Peak geological cross section and map  (Faulds et al., 2010, 2012a,b)). The
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hree-dimensional geometry allows for a visualization at depth of MEQs (April 2–
oth  wells 27-15 and 22-22 encounter a highly fractured and permeable horizon (S
400  m-1600 m depth, which coincides with the STF approximate projection at dep

This conceptual model of a deep hydrologic connection between
ell 27-15 and wells to the SSW provides a basis on which to test
otential mechanisms occurring during the Desert Peak EGS exper-

ment and explains the relation between hydraulic treatment and
bserved microseismic response. Whether or not the deformation
ssociated with the MEQs as a result of the stimulation treatment
lso caused the observed transmissivity enhancements needs to be
emonstrated and is the subject of a parallel study. An element of
ote is that any hydraulically-conductive structural feature (which
ay  provide a connection with the rest of the reservoir) potentially

ssociated with MEQ  occurrence (∼400 m deeper than the shallow
timulation zone) would be isolated from the upper interval in the
ell because of the plug-back.

However, it is critical to understand the significance of the
bserved microseismicity and whether it might have highlighted
otential structures to target as part of the stimulation strategy. One
urpose of the modeling presented here is to test this hypothesis
o see if it is consistent with known structural and stress character-
stics of the EGS site and with the pore pressure generated during
he April 2011 stimulation operations. In this scenario, the resulting
ransmission of hydraulic pressure increase within the STF is pre-
umed to have triggered shear failure of sufficient magnitude to
esult in observable MEQs. This plastic deformation might in turn

ave enhanced permeability and fluid transmission along the STF,
ut – as mentioned above – this is verified in a companion study.

The STF is ∼400 m deeper than the interval of fluid egress
hen injecting into the shallow open-hole section of well 27-15.
1 - medium flow-rate, shallow stimulation) with respect to the structural setting.
g Target Fault “STF”) at about 1400 m depth. Most of the MEQs are located at about

Nevertheless, pore-pressure diffusion can interact with distant,
pre-existing structures favorably oriented to failure within the
regional stress field, and can initiate slip with associated micro-
seismicity (Holland, 2011). This possibility is assessed here through
coupled hydro-mechanical numerical modeling. The migration of
a pressure front through pore pressure diffusion is defined by
many authors as hydraulic diffusivity (Talwani and Acree, 1984;
Nicholson and Wesson, 1990; Shapiro et al., 1999; Rothert and
Shapiro, 2003; Rozhko, 2010). As a general rule, the shape of
induced seismicity appears to be controlled by hydro-mechanical
coupling (i.e., pressure-fracture interaction) rather than by homo-
geneous hydraulic diffusivity through a rock mass (Cornet, 2000).

4. Technical approach

The above conceptual model is tested for consistency against
observations made before and during the Desert Peak EGS shallow
stimulation. Hydro-mechanical modeling techniques are employed
to assess the permeability of the triple-well reservoir (27-15, 22-22
and 21-2), and to evaluate the potential for initiating shear failure
along the STF due to fluid over-pressurization.

4.1. FLAC3D coupled hydro-mechanical response model
The conceptual model is tested against the April 2011 shallow,
medium flow-rate injection phase via a numerical simulation with
the mechanical-flow code FLAC3D. FLAC3D is a three-dimensional
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ig. 12. Graphic representation of the hypocenter error for events observed during
ntersecting (thus probably generating) the majority of the MEQ  hypocenter errors 

xplicit finite-difference program for continuum mechanics com-
utation which also models fluid flow and its corresponding
oromechanical effects (Itasca, 2011). The simulation consists of
ydro-mechanically coupled calculations evaluating any expected
echanical deformation in response to injection-induced pore

ressure changes within the reservoir and the STF. The FLAC3D
ailure envelope corresponds to a Mohr-Coulomb criterion (shear
ield function) with tension cutoff (tension yield function) and the
osition of a stress point on this envelope is controlled by a non-
ssociated flow rule for shear failure, and an associated rule for
ension failure (Itasca, 2011). Zones in the model behave accord-
ng to mechanical parameters of the material they represent and
ollowing the FLAC3D yield criterion.

As introduced above, the April 2011 shallow, medium flow-rate
timulation phase is a good candidate for this simulation. There-
ore, the pressure diffusion model through the reservoir is tuned

o cause plastic deformation that could produce MEQs in response
o the injection rates applied into 27-15, 22-22 and 21-2 during
his phase. Sufficient pressure to reduce the effective normal stress

ust be communicated to the STF to satisfy the conditions for
pril 2011 medium flow-rate stimulation phases. The structural feature most likely
rs to be the STF (Shearing Target Fault discussed in Section 3).

Mohr-Coulomb failure. The relative pressure perturbation effect
from injection into each different well is investigated as part of
the modeling exercise presented below.

As a general rule, the simplest geometry compatible with the
geology and hypotheses being tested is used to define the FLAC3D
model, consistent with the reproduction of key physical processes.
In the simplified representation of the wellsite, the model com-
prises a uniform background formation, three injectors (wells
27-15, 22-22 and 21-2) and a fault zone (STF) dipping ∼70◦ and
located ∼400 m below the actual 27-15 injection point (Fig. 13).
The fault zone (STF) in the model is set to be about 100 m thick in
order to account for its damage zone (given a fault throw greater
than several tens of meters (Shipton et al., 2006). The grid is aligned
with the Rhyolite Ridge Fault Zone and the STF (i.e., with the known
tectonic stresses), thus rotated ∼20◦ clockwise from the north. In
the vicinity of well 27-15 the STF is represented sub-parallel to the

main Rhyolite Ridge Fault Zone, while it is slightly rotated toward
wells 22-22 and 21-2 to account for the apparent step-over dis-
cussed in Section 3 (Figs. 8 and 13). The model domain extends for
3000 m in the x-direction, 1800 m in the y-direction and 2600 m
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Fig. 13. FLAC3D model construction. The model comprises a uniform background formation, three injectors (27-15, 22-22 and 21-2) and a ∼100 m thick NNE-striking,
W  the normal faulting regime observed in the field and using the measured magnitude of
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Table 1
Mechanical properties used in the FLAC3D hydro-mechanical model (from Lutz et al.,
2010). In the model, tensile strength of the material never exceeds the maximum
value given by ��

max = c/ tan ϕ, where c is cohesion and ϕ friction angle.

Parameter Background (rock type a) STF (Rock type b)

Density [g/cm3] 2.7 2.7
Shear modulus [MPa] 1.0E+04 1.0E+04
Bulk modulus [MPa] 2.6E+04 2.6E+04
Friction angle [◦] 39 28
NW-dipping (70◦) Shearing Target Fault (STF). Stresses are applied according to
hmin (i.e., �zz > �yy > �xx).

n the z-direction. The grid is discretized into regular cubic zones
100 m per side). The model – as well as the STF – are currently
ssumed to be single-porosity media. Parallel modeling exercises
nvolving coupling with TOUGHREACT (Xu et al., 2004) adopt a
ual-porosity conceptualization. A phreatic surface is initialized at

 depth of 118 m.  Below this surface pore pressures follow a lin-
ar gradient once the initial force-equilibrium state is reached, i.e.,

 force-equilibrium is assumed when the maximum unbalanced
orce and velocity vectors at each gridpoint are small compared to
he representative zone forces in the problem.

For simplicity and numerical purposes, the lithological units
escribed in Section 2 are grouped into rock types: a correspond-

ng to the basement and rhyolite units (background rock mass), and
 representing the STF (Table 1). The mechanical parameters used
n the model are derived from rock mechanical tests conducted
n selected core samples representative of the stimulation interval
n well 27-15 (Lutz et al., 2010). In order to appropriately model
he propensity for frictional failure in a fractured reservoir, Mohr-
oulomb properties (friction and cohesion) evaluated from residual
ompressive strength measurements (residual values after failure)
or the Rhyolitic and Metamorphic Basement Units are averaged

nd assigned to rock type a. Elements pertaining to the STF are set
ith a lower friction angle of 28◦ and zero cohesion, as in situ stress
easurements in a variety of tectonically-active geological sett-

ngs suggest that fracture planes well oriented with respect to the
Cohesion [MPa] 4.2 0
Tensile strength [MPa] 1.0E+04 1.0E+04

stress field are generally cohesionless (Hickman, 1991; Townend
and Zoback, 2000) (Table 1).

The model is set with permeable boundary conditions, i.e., the
pressure remains constant at the boundaries. Velocity and displace-
ment are fixed at the bottom and sides of the model. Permeability
is initialized as explained in Section 3. Consistent with the nor-
mal  faulting regime observed in the field and using the measured
magnitude of Shmin (Hickman and Davatzes, 2010), xx,  zz and yy
stress components vary with depth following the relations among

Shmin, SHmax and Sv (vertical overburden): SHmax = (Shmin + Sv)/2,
and Shmin/Sv ≈ 0.61 (Hickman and Davatzes, 2010). At the depth of
the injection zone the following stress values apply: Sv = 24.6 MPa,
Shmin = 15.0 MPa, SHmax = 19.8 MPa. A Mohr-Coulomb plasticity
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F 10): pressure response observed in well 27-15 while varying injection flow-rates in wells
2 ests the permeability field is appropriately initialized.
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Table 2
Average volumetric flow-rates applied to the corresponding open-hole sections in
the  model when simulating the April 2011 medium flow-rate phase.

Well Avg. flow-rate
[m3/s]

Open-hole section [m]
(measured depth)
ig. 14. FLAC3D simulation of the 2009 interference test (Zemach et al., 2010) (Fig. 

2-22  and 21-2. The good fit between measured and modeled pressure curves sugg

onstitutive model is set in FLAC3D to properly represent the
nset of shear (frictional) failure. The failure envelope for this con-
titutive model corresponds to a Mohr-Coulomb criterion which
s expressed in terms of principal stresses �1 and �3. For the

ohr-Coulomb plasticity model, the required properties defined
or each material are: (1) bulk and shear moduli, (2) friction and
ilation angles, (3) cohesion and (4) tensile strength. The constitu-
ive behavior and associated material properties affect the model
esponse as well as stress perturbations caused by fluid injection
Itasca, 2011).

Boundary and initial conditions define the in situ state (i.e.,
efore a change or disturbance is introduced by injection). An initial
quilibrium state – during which gravitational stresses develop – is
btained by running the model under dry conditions and through
echanical-only calculations. A second equilibration is then calcu-

ated by running flow calculations in parallel with the mechanical
odeling, in order to capture the effects of solid-fluid interaction.
n alteration is then made (e.g., fluid injection resulting in pore
ressure change), and the resulting mechanical response through-
ut the model is computed. A prescribed volumetric inflow of fluid
s assigned to wells 27-15, 22-22 and 21-2 to define the principal
uid sources in the model.

The fluid-mechanical interaction is solved with a coupled
pproach where the mechanical process is the “slave” module to
he master fluid flow process, given that the stress perturbation is
ore-pressure driven.

The model simulates the flow-rates injected in: (a) wells 21-
 and 22-22 over the March 24–April 10, 2011 period, and (b)
ell 27-15 over the April 01–April 10, 2011 period. This is done

n order to correctly reproduce reservoir pressurization conditions

ot only during, but also prior to the stimulation treatment of
ell 27-15. The average volumetric flow-rates applied to the cor-
21-2 0.13 618–972
22-22 0.24 1270–2051
27-15 0.032 914–1067

responding open-hole sections of the wells are summarized in
Table 2.

4.2. Assessment of reservoir permeability

The incorporation of injectors 22-22 and 21-2 in the modeling
study of EGS well 27-15 requires a permeability assessment for
both the formation comprising well 27-15 (lower k) and that around
wells 22-22 and 21-2 (higher k).

The permeability of the triple-well reservoir considered in this
study (27-15, 22-22 and 21-2) is estimated by integrating: (1) pre-
EGS baseline permeability-thickness values from injection tests
carried out for both the shallow and the extended open interval
of well 27-15 (Stacey et al., 2010), (2) detailed, single-wellbore
FLAC3D simulation of known wellhead pressure responses to fluid
injection, (3) FLAC3D simulation of the 2009 interference test
(Zemach et al., 2010) (Fig. 10), and (4) DFN analysis from a com-
panion paper (Benato et al., 2013).

The permeability of the formation surrounding wells 21-2 and
22-22 is estimated by running single-wellbore FLAC3D simulations
of the wellhead pressure response to fluid injection, which is best

matched using a permeability of ∼5.6e−13 m2.

As per the formation surrounding well 27-15, pre-EGS injec-
tion tests revealed a permeability of 2.0e−15 m2 (5600 md-ft)
and of 1.2e−16 m2 (60 md-ft) for the extended (850 m)  and shal-
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Fig. 15. FLAC3D coupled hydro-mechanical simulation and mechanical response as a result of fluid injection during the April 2011 medium flow-rate stimulation phase.
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LAC3D  displays conditions for: (1) tension failure in volumes surrounding the we
hear  failure mainly at STF depths. Limited conditions for shear failure also develop

ow (150 m)  open intervals, respectively (Stacey et al., 2010).
he lower permeability in the shallow interval is in agreement
ith the range of magnitudes obtained from measurements on

ore plugs under ambient stress conditions (Rozhko, 2010). The
igher permeability displayed by the extended interval is assumed
ere to be the result of higher hydraulic conductivity in the STF
intersected by this interval). With this in mind, the 2009 (pre-
GS) interference test (Zemach et al., 2010) is simulated in FLAC3D
y applying the permeability values described above to the back-
round formation of well 27-15 (1.2e−16 m2) and of wells 21-2 and
2-22 (5.6e−13 m2). The STF permeability is then adjusted until a
ood fit with the pressure response observed during this test is

eached. The best results are obtained when the STF permeability
s ∼3.0e−14 m2. The ratio among the three components kx, ky and
z of the permeability tensor computed through DFN analysis in

able 3
ummary of permeability values estimated for: (a) well 27-15 background formation, (b) 

hase, (c) formation surrounding wells 22-22 and 21-2, and (d) Shearing Target Fault (ST
sed  for the well 27-15 background formation.

Model hydraulic paramete

k [m2] 

(a) Well 27-15 background formation 1.2E−16 

(b)  September 2010 enhanced k 1.1E−14 

(c)  Wells 22-22 and 21-2 formation 5.6E−13 

(d)  Shearing Target Fault (STF) 3.0E−14 
15 open-hole section (in agreement with fluid pressures exceeding Shmin), and (2)
 vicinity of the well 27-15 open interval.

a previous study (Benato et al., 2013) is maintained and applied
to the background formation surrounding well 27-15 to retain the
anisotropic permeability distribution of the wellsite (Table 3). The
triple-well simulation results of the 2009 interference test – car-
ried out by altering injection flow-rates in wells 21-2 and 22-22
and observing the pressure response in well 27-15 – suggest that
the defined permeability is consistent with the reproduction of the
field characteristics (Fig. 14).

An element of note is that the April 2011 stimulation (con-
sidered in this study) follows the September 2010 phase, during
which the permeability of the formation surrounding the well 27-
15 shallow interval is considerably improved (Chabora et al., 2012).

Here we estimate this enhanced permeability through single-
wellbore FLAC3D simulations of the wellhead pressure response
observed during the initial steps of the April 2011 medium flow-

volumes with permeability enhanced as part of the September 2010 low-flow-rate
F). Anisotropic permeability – derived from DFN analysis (Benato et al., 2013) – is

rs

ky kx kz

1.83E−16 2.50E−17 6.16E−17
– – –
– – –
– – –
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Fig. 16. The April 2011 medium flow-rate stimulation phase is modeled with FLAC3D by simulating fluid injection in the well 27-15 shallow open-hole section and in wells
21-2  and 22-22. Pore pressure diffusion from the well 27-15 shallow open interval combines with pressure from concurrent injection in wells 21-2 and 22-22 – increasing
t e immediate vicinity of the wellbore is somewhat higher than field observations because
( , and (2) transient permeability is not considered here. Transient permeability is in the
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Fig. 17. Normal-stress regime Mohr circles showing shear and effective normal
stress at ∼1400 m depth (location of MEQs and STF) under: (1) hydrostatic condi-
tions (blue circle) defined assuming a groundwater level 118 m below surface, and
(2) April 2011 medium flow-rate injection-induced conditions (red circle) derived
from FLAC3D simulation (Fig. 16). Frictional failure lines are based on the sliding
friction coefficient derived from rock sample laboratory testing from surrounding
geological units (Lutz et al., 2010). In situ natural and cohesionless fractures at the
he  pore pressure at the depth of the STF by about 1 MPa. The modeled pressure in th
1)  the modeled pressure is slightly deeper than the measured, downhole pressure
uthor’s  ongoing FLAC3D-TOUGHREACT study.

ate phase. We  do so by increasing the pre-EGS permeability value
1.2e−16 m2) in the formation surrounding the well 27-15 shallow
pen interval to ∼1.1e−14 m2, which provides an adequate match
ith the observed overpressure. This value is integrated into the
ermeability field described above to set-up the initial conditions
or the April 2011 phase simulation.

. Results

Under the April 2011 shallow, medium flow-rate stimulation
onditions, FLAC3D coupled hydro-mechanical simulations display
onditions for shear failure pertaining to the stimulated reservoir
olumes (i.e., around the open interval and at the depth of the STF).
n the model, failure is manifested as a contiguous series of actively
ailing zones in which stresses satisfy the FLAC3D yield criterion
as defined in Section 4.1) (Figs. 15 and 18A). Conditions for tensile
ailure also develop in volumes surrounding the well 27-15 open-
ole section, in agreement with injection-induced fluid pressures
∼20 MPa) exceeding Shmin (∼15 MPa) during the medium flow-
ate phase (Fig. 15).

With the parameterization listed in Table 1, results show that
hear failure may  occur at the depth of the STF (Fig. 15) where
njection-induced pore pressure increases by more than 1 MPa  as a
esult of the stimulation operation (Fig. 16).

Injection-induced pore pressure diffusion computed by FLAC3D
s also tested with a Mohr-Coulomb analytical approach to ver-
fy if the resulting pressure incremental could satisfy conditions
or shear failure on well-oriented sets of fractures at the depth of
he STF. The Mohr-Coulomb analysis confirms that this pressure
ncrease within the STF would create critical conditions for shear
eformation on well-oriented, cohesionless fractures (Fig. 17).

With the current model configuration, simulation results show

hat shear deformation at the depth of the STF and toward well
7-15 is enhanced when both wells 27-15 and 22-22 are actively

njecting fluid (Fig. 18B). Pore pressure diffusion from concurrent
njection in wells 27-15 and 22-22 combine, further destabiliz-
depth of the STF are close to being critically stressed for shear failure under the April
2011 medium flow-rate phase conditions. (For interpretation of the references to
color in this figure legend, the reader is referred to the web  version of this article.)

ing the STF. Fluid injection simulation into well 22-22 alone or
simultaneously into wells 22-22 and 21-2 is insufficient to develop
conditions for shear failure. Fluid injection into well 21-2 does not

seem to impact the development of deformation on the STF.

Shear failure distribution shown in the modeling results is in
agreement with the microseismicity observed during the April
2011 phase, which appears to cluster mainly in the same depth
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Fig. 18. FLAC3D coupled hydro-mechanical simulation and mechanical response resulting from injection-induced pressure diffusion generated during the April 2011 medium
flow-rate stimulation phase. The results display conditions for shear failure developing on the STF in the case of: (A) injection in well 27-15 alone (or concurrent with injection
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n  well 21-2), and (B) concurrent injection into wells 27-15 and 22-22. When the A
TF  in the vicinity of well 27-15, where the bulk of microseismicity is observed dur
hear  deformation with the current model configuration.

ange of the STF below the shallow stimulated interval of well 27-15
Fig. 4).

. Discussion and conclusions

In order to define a possible connection between stimulation
perations in well 27-15 and the development of the observed
EQs, as well as to offer a possible explanation for their deep loca-

ion, the present study analyzes: (1) 3D site-specific geometry of the
ey structures involved in the experiment, (2) assessment of per-
eability distribution based on integrating DFN analysis, injectivity

ests, pressure response modeling and interference test modeling,
3) hydro-mechanical simulation of pore pressure diffusion and
esulting mechanical deformation consistent with the activation
f hydraulically-induced shear failure in the reservoir.

The MEQ  clusters observed during the EGS experiment are
ainly used for structural identification purposes. The numeri-

al simulation honors the April 2011 medium flow-rate injection
hase, when MEQs appear grouped together in volumes closer to
ell 27-15, if compared to microseismic swarms observed at other

imes.
The mechanical response of the reservoir that results from injec-

ion into the shallow open-hole section of well 27-15 (April 2011
onditions) is simulated in FLAC3D to verify possible conditions
or deformation and shear failure initiation. The conceptual and
umerical modeling results reveal that pore pressure diffusion to

epths below the stimulation interval during the April 2011 EGS
hallow injection phase in well 27-15 – especially if combined with
njection operations in well 22-22 – can lead to pressurization and
oromechanical stressing of the STF.
11 phase injection rates are simulated, conditions for shear failure develop on the
is phase. Fluid injected in well 21-2 does not seem to influence the development of

Modeling results display shear failure affecting reservoir vol-
umes at depths associated with the STF. The location of zones
indicating conditions for shear failure is in agreement with the
microseismicity distribution observed during this phase: mainly
clustered at the depth of – and aligned with – the STF. The model
suggests that rapid and considerable changes in the injection flow-
rates cause a sudden modification of the stress state, destabilizing
the STF considerably.

These results (i.e., pressure diffusion → conditions for shear fail-
ure on the STF) support the proposed STF-based conceptual model
framework, which correctly reproduces the cause–effect relation
between well 27-15 stimulation operations and the development
of microseismicity – especially when concurrent with injection in
well 22-22. This interaction between well 27-15 and well 22-22
is in agreement with both (a) the 2009 pressure interference test,
which suggests that well 22-22 can deliver some pressure toward
well 27-15, and (b) the absence of microseismicity in the vicinity
of well 27-15 prior to the stimulation treatment. This is consis-
tent with the concept proposed in other experiments, e.g. Soultz,
where simultaneous injection into adjacent wells (or “focused stim-
ulation”) delivered the most effective stimulation and hydraulic
connection development (Schlinder et al., 2010; Baria et al., 2006;
Hettkamp et al., 2004).

The FLAC3D simulation indicates localized pore pressure
increases up to 1 MPa  at the depth of the STF and suggests that
effective stress changes induced by these fluid pressure increases
are sufficient to produce slip (and possibly microseismicity) within

the STF. This is also confirmed by evaluating the resulting effec-
tive pore pressure through a Mohr-Coulomb analysis (Fig. 17).
Both numerical (coupled hydro-mechanical) and analytical (Mohr-
Coulomb) results support the existence of regions in the STF which



154 S. Benato et al. / Geothermics 63 (2016) 139–156

Fig. 19. Map  and 3D view of the induced microseismicity observed between January 15–20, 2013. Over this period, the EGS well 27-15 extended open interval is being
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timulated. The events appear located around well 27-15 and at the depth of the ST
f  borehole failures in well 27-15 (Davatzes and Hickman, 2009; Hickman and Dav
arger  black dots shown on downthrown sides of normal faults.

an undergo shear failure under the April 2011 injection-induced
ydraulic pressure conditions. This 1 MPa  pressure increase is con-
istent with observations made at the Geysers EGS Demonstration
roject, where pressure changes of about 1 MPa  caused induced
eismicity at depth and defined the outer part of the stimulation
one (Rutqvist et al., 2015) A range of 0.7–1.4 MPa induced pres-
ure change (increasing with depth) was also found to be critical
or activating shear deformation on fractures within fault zones
Jeanne et al., 2015).

Whether the observed injectivity gain is associated with (a) STF
hearing processes, or (b) fracture dilation or fracturing processes
n the vicinity of the wellbore (thermally and/or hydraulically-
nduced), needs to be verified and is part of a parallel study.

The parameters under which the model simulates this pro-
ess for the April 2011 medium flow-rate phase are listed in
ables 1 and 3. The selected STF friction angle (Table 1) provides
he most realistic results; higher values involve no shear defor-

ation on the STF, while lower values cause too large a failing STF
urface. Future modeling work may  attempt to further calibrate the
imulated shear deformation with the magnitude of the observed
icroseismicity, in order to better constrain the model parame-

erization and the extent of reservoir volumes affected by plastic
eformation.

The identified STF satisfies some of the conditions that are neces-
ary for shear failure initiation: (1) adequate initial transmissivity,
nd (2) optimum orientation with respect to the local stress state
McClure and Horne, 2013a,b). The initial STF transmissivity may
e further enhanced by slip (McClure and Horne, 2013a,b). Related
hysical processes have been inferred in several injection-disposal
perations, especially along faults that transit between basement
ocks and overlying aquifers. Such a process may  have been respon-
ible for the recent observation of injection-induced seismicity

t Guy, Arkansas (Horton, 2012). Several studies show that the
njection-induced fluid pressurization can propagate through the
eservoir at a kilometer scale and generate seismic events with time
including fault reactivation) (Izadi and Elsworth, 2015; Jeanne
ring Target Fault, discussed in Section 3). SHmax direction inferred from observation
 2010). Black lines show surface trace of interpreted faults (Faulds et al., 2012a,b);

et al., 2014a,b,c; Taron et al., 2014). The injected fluid pressure
diffusion and fluid migration from the formation surrounding this
shallow open-hole section toward the deeper reservoir might also
have been facilitated by: (a) downward migration of cooler (denser)
injected fluids (Jeanne et al., 2014c; Taron et al., 2014), (b) natural
fracture networks characterized by higher N-S and vertical perme-
ability (Benato et al., 2013), and (c) leakage through the cement plug
at the base of the shallow open-hole section or through the drilling-
induced damage in the formation. A further element of note is that
the pressure required to trigger slip on pre-existing fractures may
decrease with depth (Pine and Batchelor, 1984).

The core theories of this study were laid out in the summer of
2012 (Benato et al., 2013). Well 27-15 was afterwards re-completed
to the original depth (about 1770 m)  in November 2012 and a
new, full-hole stimulation phase was performed between January
and March 2013 (Hickman et al., 2013). Further injectivity gains
(more than 10-fold increase since initial, pre-EGS conditions) asso-
ciated with more than 200 MEQs were observed during this latest
stimulation phase (Hickman et al., 2013). The MEQs  recorded dur-
ing the 2013 extended open-hole section stimulation and during
the previous shallow 2010/11 stimulation operations both display
analogous orientation and location at depth (Fig. 19). It appears
that the 2013 extended open-hole section stimulation improved
access to the deeper STF discussed in this study. Direct stimula-
tion of the STF might have provided the final desired commercial
injectivity, suggesting that targeting the STF was a key decision in
the stimulation plan. This investigation is part of a parallel study.

Thermal stresses and thermal damage may  also have been
generated by the injection of cooler fluid during the April
2011 stimulation phase. Thermal effects (and potential injectivity
reversibility) during the September 2010 low flow-rate phase are
discussed in Danko et al. (2012), Dempsey et al. (2013) and McClure

and Horne (2013a,b). Thermal effects are considered when mod-
eling all stages of the Desert Peak EGS stimulation as part of the
ongoing FLAC3D-TOUGHREACT study, although their influence is
believed to be small at the depth where the bulk of the microseis-
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icity is observed; for these reasons, only isothermal simulations
re carried out here. In this study, the simulation exercise is based
n a comprehensive conceptual model which incorporates geolog-
cal, structural and borehole data.

Given the non-uniqueness of the problem, the presented con-
eptual framework is one possible model for the Desert Peak
GS experiment. Coupled thermo-hydro-mechanical processes are
arried out as part of a parallel study to better understand the evo-
ution of permeability and its potential reversibility throughout the
esert Peak EGS project. The distribution of induced microseismic-

ty seems to be controlled in a complex way by concurrent injection
perations in wells 27-15 and 22-22. The conceptual framework
rovides a geologically reasonable model for the April 2011 Desert
eak EGS experiment in that it tests the role of the STF in focusing
nduced deformation manifested by MEQs. However, this type of

odel is inherently non-unique due to uncertainties in the geologic
tructure and physical properties that influence thermo-hydro-
echanical coupled processes.
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