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A  coupled  continuum  model  representing  thermo-hydro-mechanical  behaviors  is applied  to  follow  the
evolution  of  induced  seismicity  within  a prototypical  enhanced  geothermal  system  (EGS)  reservoir.  The
model  is applied  to  the  potential  Newberry  EGS  field  (USA)  by  assuming  fracture  sizes  of  10–1200  m.
Models  are  classified  by  their  conceptualization  of the  fractured  reservoir  geometry  as  networks  of  dis-
crete fractures  and  with  equivalent  fractured  media  as fill-in.  The  THMC  model  is applied  to  a  doublet
injector-producer  to  explore  the  spatial  and  temporal  triggering  of seismicity  for  varied  fracture  network
geometries  both  shallow  (2000  m) and  at depth  (2750  m). The  magnitude  of  the  resulting  seismic  events
is  in  the  range  −2 to +1.9.  The  largest  event  size  (∼1.9)  corresponds  to  the largest  fracture  size (∼1200  m)
within  the reservoir.  The  rate  of  hydraulic  and  thermal  transport  has a considerable  influence  on  the
eat production amount,  location,  and  timing  of  failure,  and ultimately,  on the  event  rate.  The  event  rate  is highest  when
the  fracture  density  is highest  (0.9 m−1) and the  initial  stresses  highest  (at  depth).  In all  cases,  the  a-value
decreases  and  the  b-value  increases  with  time.  The  b-value  is largest  (∼1.34)  for  the highest  fracture
density  and  the highest  stress  regime.  Thermal  energy  recovered  during  production  is  also  greatest  at
depth and  for  the  highest  density  of fractures.
. Introduction

In enhanced geothermal systems (EGS), fluid circulation is influ-
nced by thermal-hydro-mechanical effects in the short-term and
y chemical reactions in the long-term. These effects may  alter fluid
ransport properties and as a result enhance the permeability of
racture networks (Elsworth, 1989; Goodman, 1976a; Polak et al.,
003; Renshaw, 1995). Natural and induced fractures, as well as
he geometry of fracture networks, have an important influence on
oth the evolution of permeability (Polak et al., 2003; Yeo et al.,
998) and on induced seismicity (Shapiro and Dinske, 2007).

Many field experiments (Audigane et al., 2002; Delépine et al.,
004; Jung et al., 1996; Rutledge and Phillips, 2003; Zoback and
arjes, 1997) and models (Rutqvist et al., 2001; Shapiro et al.,
998, 2002; Taron et al., 2009a) have been used to determine

he key factors influencing the principal processes of permeabil-
ty enhancement and how they will influence induced seismicity
y the action of hydraulic or thermal effects at different times
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E-mail address: ghazal.izadi@bakerhughes.com (G. Izadi).
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(Baisch, 2009; Deichmann and Giardini, 2009; Dinske et al., 2010;
Evans et al., 2005; Shapiro and Dinske, 2007; Taron and Elsworth,
2009; Taron et al., 2009a,b; Yasuhara et al., 2004). Simulating these
behaviors requires that the linkage between the fluid and thermal
behaviors and the role of fracture networks be defined within the
reservoir. This work attempts to determine- how such processes
will evolve through time.

Circulating fluid at elevated pressures within naturally fractured
reservoirs may  cause induced seismicity in the early stages of reser-
voir stimulation (few weeks) (Rothert and Shapiro, 2003; Rutledge
and Phillips, 2003; Shapiro et al., 2002). Hydraulic effects observed
during the stimulation of EGS reservoirs influence the permeabil-
ity and dilation of existing fractures by altering the direction and
magnitude of the reservoir stress field. Circulating fluid-induced
thermal stresses may  also enhance reservoir permeability by cre-
ating new fractures and by enhancing the permeability of existing
fractures. Both of these effects may  induce seismicity both during
stimulation and later long-term production.
In this work, we apply a THMC flow-transport-deformation
simulator to examine the importance of these factors on reser-
voir evolution and specifically on the strength of their influence.
The focus of this study is to observe the evolution of dominant
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Table 1
Solid medium properties as used in simulations.

Parameter Unit Newberry

Bulk modulus of intact rock(Km) GPa 17
Cohesion MPA  10
Poisson’s ratio(�) – 0.27
Bulk modulus of fluid(kf) GPa 8
Bulk modulus of solid grain(Ks) GPa 54.5
Internal friction angle(ϕ) ◦ 35
Residual friction angel(ß) ◦ 11
Coefficient of thermal expansion(˛T) 1/◦C 1.2E−5
Thermal conductivity(�) W/m K 2.9
Heat capacity(cp) J/kg K 918
Initial permeability (k) m2 1.10E−17
Porosity within fractures (�) – 0.3

Table 2
Parameters utilized in the simulation.

Parameters Unit Depth (m)

2000 2750
Zone B Zone D

Shmin MPa  36 50
SHmax MPa  48 64
Sv MPa  48 66
Pinjection MPa  29 35
Preservoir MPa  24 30
Pproduction MPa  19 25
Peak strength MPa  25 35
Treservoir

◦C 230 290
Tinjection

◦C 20 20
Specific heat kJ/kg K 4.65 5.6
86 G. Izadi, D. Elsworth / Ge

racture behaviors that lead to enhanced permeability and induced
eismicity during the long-term (∼20 year) production of thermal
nergy from engineered geothermal systems (EGS). We  also focus
n the significant influence of fracture density and fracture spacing
n long-term reservoir behavior.

This paper provides a brief description of the fracture network
odel and mechanisms of shear failure that result from circu-

ating cold injection fluids at modest overpressures and under
ressures. Effective stresses, modulated by fluid pressures and ther-
al  stresses, are used to define the spatial and temporal release

f seismic energy as individual fractures are reactivated in shear.
he progress of fluid pressures and cooling in the reservoir is
epresented by the advancement of the hydrodynamic and ther-
al  fronts as well as the progress of pore-pressures and thermal

tresses within the reservoir. The triggering of seismicity and the
requency–magnitude distribution (a- and b-values) of this seis-

icity is indexed to the progress of these fluid and thermal fronts.
hese behaviors are evaluated for parameters that broadly repre-
ent the planned Newberry Volcano EGS demonstration project and
ollow the anticipated evolution of the seismic event-size distribu-
ion due to fluid and thermal effects during long-term stimulation.
inally, and perhaps most importantly, the relative effects of the
bove mechanisms on the ultimate recovery of thermal energy
rom the EGS reservoir are evaluated.

. Reservoir simulation

The simulations presented in the following uses a THMC simula-
or (Taron and Elsworth, 2009) that couples the multiphase, multi-
omponent, non-isothermal thermodynamic, reactive transport
nd chemical precipitation/dissolution capabilities of TOUGHRE-
CT with the stress/deformation analysis by using the numerical
odeling code FLAC3D. The model incorporates the effects of frac-

ured reservoirs involving fracture networks of variable densities
nd connectivities while considering various reservoir conditions,
ncluding initial stress, temperature, and permeability – as these

ay  exert significant influence on the evolution of permeability
nd seismicity.

Brittle failure on pre-existing fractures is represented as a pre-
cribed stress drop (∼3 MPa). For a prescribed frictional strength,
he model calculates the shear resistance from the change of normal
tress and pore pressure. Stress builds and reaches a peak strength,
hich then rapidly declines to a residual strength (Goodman,

976b; Jaeger et al., 2007). This model is used to follow the evo-
ution of seismic rupture within the system.

The principal assumption in this procedure is that strength will
ully recover in the interseismic period, allowing the failure cycle to
epeat once shear stresses have rebuilt. To define the evolution of
ailure in a stimulated reservoir, the failure of the seeded fractures
s calculated within FLAC3D. Strength is determined by compar-
ng the peak strength and residual shear strength, according to the

ohr–Columb criterion (see Table 2).

.1. Characteristics of the reservoir

This model is now applied to a doublet geometry within a
eservoir with half-symmetry (2000 m × 1000 m × 300 m;  Fig. 1),
epresenting the Newberry geothermal field. The Newberry
emonstration EGS project is located southeast of Bend, Ore-
on. Data from well NWG  55–29 are used to build the reservoir
odel used in the subsequent simulation (Cladouhos et al., 2011).
his presumed half-symmetry is approximate but represents the
ssence of important behaviors that act in the reservoir. A single
ell injects water at a constant temperature with a withdrawal
ell separated by 700 m.  Boundary stresses, in both horizontal
and vertical directions, as well as pore pressure and temperature
roughly corresponding to depths of 2000 and 2750 are applied to
two different realizations of the geometry (Table 2) applied for this
geothermal field. The characteristics and the values of the parame-
ters in the simulation for the in situ reservoir are defined in Table 1.

Prior to long-term production, the reservoir is hydraulically
stimulated by elevating fluid pressures and quenching the reser-
voir at the injection well and withdrawal well over a period of 21
days and at an overpressure of 5 MPa  (Izadi and Elsworth, 2014).
This dilates pre-existing fractures (fracture propagation is not con-
sidered) and allows the development of hydroshears. During the
short stimulation (∼21 days), four zones – at depths 2000, 2500,
2750 and 3000 m – are considered for reservoir stimulation (Izadi
and Elsworth, 2014).

During this stimulation a similar evolution of permeability and
progress of seismicity is observed for both zones B (shallowest,
located at 2000 m depth) and E (deepest, located at 3000 m depth),
and for both intermediate zones C and D (due to the similar form
of the fracture networks (0.9 m−1) in zones C and D). Thus, in this
study, numerical experiments are conducted for the shallow zone
B (with 0.5 m−1 fracture density) and deep zone D (with 0.9 m−1

fracture density), alone, as representative of the reservoir. These
represent behavior at two different depths of 2000 m and 2750 m
to examine the roles of the critical influencing parameters, viz.
fracture geometry and stress. Each of these zones requires differ-
ent inputs for fracture orientations, density and spacing (Table 3).
Available, but sparse, fracture data for the Newberry geothermal
field (Cladouhos et al., 2011) are used to build the fracture networks
for the models. Following stimulation, cold fluid (20 ◦C) is circulated
within the reservoir in the doublet pattern of Fig. 1. The resulting
analyses examine the progress of seismicity for long-term produc-
tion as the reservoir is developed in terms of rates, magnitudes and

locations.
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Fig. 1. Geometric layout of EGS reservoir as used in the simulation. Reservoir geometry w
production well is assumed to be 700 m.  A vertical and two horizontal stresses are indica

Table 3
Fracture data that utilized in the simulation.

Fracture characterization Unit Depth (m)

2000 2750
Zone B Zone D

Density m−1 15/30 m 27/30 m
Number of seeded fractures – 1000 1800
Fracture size m 10–1200 10–1200
Fracture spacing m 10–300 10–300
Standard deviation ( �̄) – 19 19
Mean ( �̄) – 360 360
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where M0 is seismic moment and MS is moment magnitude. In this
.2. Characteristics of the fracture network

The presumed fracture orientation and density representing the
eservoir are defined in Table 3. The deeper zone D differs from
hallower zone B because it has a larger fracture density (0.9 m−1

s. 0.5 m−1) and higher in situ stresses (Table 2) – two features
hat result in a significantly greater stimulated volume (Izadi and
lsworth, 2014).

Two sets of pre-existing fractures are generated in the reservoir.
hese comprise a set of long (200–1200 m),  widely spaced fractures
nd a set of short (10–200 m),  closely spaced fractures to fill-in
etween the larger fractures. This allows the fracture network to
e generated to honor the BHTV image log data (Cladouhos et al.,
011) (see Fig. 2) for the Newberry reservoir.

The shallow (B) and deep (D) reservoirs have different (low
nd high) fracture densities. Thus different sets of fracture net-
ork models are examined to determine the important influence

f the fracture density on response. Both the deeper reservoir (D),
ith a high density fracture network and shallow reservoir B, with

ow density, have the same overprinted network of large fractures
density of 0.003 m−1 and spacing 300 m)  (Fig. 2).

Permeability evolution is calculated from changes of the frac-
ure aperture and the predefined spacing of fractures. Therefore,

 sensitivity analysis is conducted to determine the influence of
racture spacing on permeability evolution. A more finely fractured
epresentation of zones B and D (shallow and deep) is developed
o examine the effect of a reduced average spacing of the large
ractures on rates of seismicity and permeability evolution. Fig. 3
llustrates the geometry of these two networks; the spacing of the
arge fractures is halved (∼150 m)  for both zones.

The fracture characteristics listed in Table 3 represent the vari-
us fracture densities, orientations and lengths applied in the two
ones and are used to examine the response of shallow (B) and

eep (D) reservoirs to determine the induced seismicity during

ong-term (20 years) production.
ith half-symmetry (2000 m × 1000 m × 300 m). The spacing between injection and
ted.

3. Evolution of shear failure of pre-existing fractures

Shear failure calculations are handled with FLAC3D. In all sim-
ulations, the friction angle on fractures is assumed constant (35◦).
Stress drops resulting from the anticipated fracture networks are
shown in Fig. 4 (mean spacing 300 m).  Fig. 5 (mean spacing 150 m)
shows stress drops for the denser network (halved spacing).

The stress drops along the large fractures are capped at the
prescribed stress drop, �. However, for the larger fracture density
(smaller spacing of Fig. 3), the mean stress drop is shown to be
smaller than the maximum potential stress drop. This result shows
that more closely spaced fractures allow the more rapid removal
of heat from the blocks. In such a case failure occurs with a smaller
stress drop compared to that for the larger fracture spacing.

A significantly higher rate of fracture reactivations is observed
for high density fracture networks (zone D), causing an increase in
stress rate compared to the low density fracture network (zone B)
Fig. 4. The reason for this is related to the faster propagation (two
times faster) of the thermal front by advective transport as well
as conductive heat transfer within the higher conductive fracture
zones when the density of the fracture network is larger (0.9 m−1)
compared to the lower fracture density network (0.5 m−1) in the
shallow zone.

Understanding the stress drop distribution is significant for fur-
ther analysis of the evolution of induced seismicity. Therefore, the
following sections illustrate that the highest seismic activity will
occur when the stress drop is close to that capped at the prescribed
stress drop.

4. Evolution of moment magnitude during production

Next we  evaluate the cumulative potential release of energy
(Izadi and Elsworth, 2014) from penny shaped fractures of multiple
orientations and sizes that are seeded in the reservoir. The potential
energy release is a function of the shear stress drop (�	), the radius
of the planar fracture and also the shear modulus (G). Energy release
from a pre-existing fracture increases with the square of the stress
drop and the cube of the fracture size (Izadi and Elsworth, 2013).
It is triggered by the evolving stress state due to pore pressures
and induced thermal and chemical strains. Energy release from
fractures is most conveniently represented as a moment magni-
tude (Aki, 1967; Kanamori, 1977; Keylis-Borok, 1959). The moment
magnitude relation is defined as (Purcaru and Berckemer, 1978):

log M0 = 1.5Ms + 9.1 (1)
model, M0 is the seismic energy derived from the elastic energy
released by the shear on pre-existing fractures.
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Fig. 2. Fracture network structure for the Newberry EGS reservoir; fracture size varies from 10 m to 1200 m.  The same network of large fractures (density of 0.003 m−1 and
spacing  300 m)  is defined for shallow zone B and deep zone D. (A) For smaller fracture (10–200 m) the fracture densities of 0.5 m−1 in the shallow zone B. (B) Fracture density
of  0.9 m−1applied in the deeper zone D.
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ig. 3. Fracture network structure for the Newberry EGS reservoir, fracture size va
nd spacing 150 m)  defined for shallow zone B and deep zone D. (A) For smaller f
ensity  of 0.9 m−1applied in the deeper zone D.

The spatial/temporal evolution of moment magnitude in the
eservoir for the ensemble arrangement of fractures is deter-
ined using the above relations. For minimum (10 m)  to maximum

1200 m)  fracture radii, a maximum shear stress drop of ∼3 MPa  and
 shear modulus of 10 GPa, MS varies from −2 to +1.9. The largest
vent size (∼1.9) corresponds to the largest fracture size (∼1200 m)
ithin the reservoir.

To determine the evolution of moment magnitude during long-
erm production, we examine the behavior of the two fracture
etworks models, first shallow and then at depth.

First: the same network of large fractures (density of 0.003 m−1

nd spacing 300 m)  is defined for both the shallow zone (B) and the
eep zone (D). However, the smaller fractures (length 10–200 m)
re set with a lower fracture density (0.5 m−1) in the shallow zone
B) and a higher fracture density (0.9 m−1) in the deeper zone (D)
Fig. 2). The evolution of moment magnitude for these sets of frac-
ure networks is shown in Fig. 6.
Second: a fractured network (Fig. 3) is developed, represent-
ng the two zones (shallow zone B and deep zone D) to examine
he effect of a reduced average spacing of the large fractures on
he evolution of moment magnitude. Such a fracture network is
tween 10 m to 1200 m.  The same network of large fractures (density of 0.006 m−1

e (10–200 m)  the fracture densities of 0.5 m−1 in the shallow zone B. (B) Fracture

modeled with both large and small fractures. The fracture density
of the larger fractures is ∼0.006 m−1 with a spacing of 150 m.  The
smaller fracture set (10–200 m)  has a fracture density of 0.5 m−1 in
the shallow zone B and 0.9 m−1 in the deeper zone D. The evolution
of moment magnitude for these sets of fracture networks is shown
in Fig. 7.

The outcomes for moment magnitude evolution for these dif-
ferent cases allow comparison of the effects of various fracture
density, spacing and stress states as a result of reservoir produc-
tion. During the evolution of energy release, the principal difference
between zones B (shallow) and D (deep) for both large (∼300 m)  and
small (∼150 m)  fracture spacing is related to first, the density of the
closely spaced fracture and second, the incremental stress drop that
accompanies failure. When the potential energy released in the two
zones (shallow to deep) is compared, it is observed that the release
begins and builds earlier and reaches further from the injection
wellbore for the largest fracture density (0.9 m−1) (Figs. 6B and 7B).
The response for different realizations of fracture network spac-
ing is compared and contrasted for both shallow and deep zones.
This analysis is based on small (∼150 m)  Fig. 7 and large (∼300 m)
(Fig. 6) fracture spacing for widely-spaced and large fractures in the
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Fig. 4. Development of stress drop at four different zones (shallow to deep) and at four different depths of 2000 and 2750 after 20 years of reservoir production. The same
network of large fractures (density of 0.003 m−1 and spacing 300 m)  applied at each zone. (A) For smaller fracture (10–200 m)  the densities of 0.5 m−1 in the shallow zone B.
(B)  Fracture density of 0.9 m−1applied in the deeper zone D.

Fig. 5. Development of stress drop at four different zones (shallow to deep) and at four different depths of 2000 and 2750 after 20 years of reservoir production. The same
network of large fractures (density of 0.006 m−1 and spacing 150 m)  applied at each zone. (A) For smaller fracture (10–200 m)  the densities of 0.5 m−1 in the shallow zone B.
(B)  Fracture density of 0.9 m−1applied in the deeper zone D.
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Fig. 6. Evolution of moment magnitude at zones B and D (shallow to deep) and at two different depths of 2000 and 2750 after 20 years of reservoir production. The same
network of large fractures (density of 0.003 m−1 and spacing 300 m)  applied at each zone. (A) For smaller fracture (10–200 m) the densities of 0.5 m−1 in the shallow zone B.
(B)  Fracture density of 0.9 m−1 applied in the deeper zone D.

Fig. 7. Evolution of moment magnitude at zones B and D (shallow to deep) and at two different depths of 2000 and 2750 after 20 years of reservoir production. The same
network of large fractures (density of 0.006 m−1 and spacing 150 m)  applied at each zone. (A) For smaller fracture (10–200 m) the densities of 0.5 m−1 in the shallow zone B.
(B)  Fracture density of 0.9 m−1applied in the deeper zone D.



othermics 53 (2015) 385–395 391

s
t
s

s
t
2
t
i
c
p
f
w
p
f
h
w
w

4

s
s
s
fi
a
i
t

N

w
a
t
s
t
m
(
T
h

s
s
h
i
m
c

w
m
(
r
m
r
c
p
l
t
e
r

5

b

Fig. 8. Radius versus time plot for short term of the progress of fluid and thermal
fronts in the reservoir and of induced seismicity (injection flow rate is 44 l/s). Reser-
voir located at two different zones (shallow to deep) and at two different depths
of  2000 and 2750 after 20 years of reservoir production. The same network of large
fractures (density of 0.003 m−1 and spacing 300 m)  applied at each zone. Larger seis-
mic  moment of individual events shown red: Ms = 1.5, blue: Ms = 1.7, yellow: Ms = 1.9.
(A)  For smaller fracture (10–200 m) the densities of 0.5 m−1 in the shallow zone B.
(B) Fracture density of 0.9 m−1applied in the deeper zone D. (For interpretation of
G. Izadi, D. Elsworth / Ge

hallow (B) and deep zones (D). The rate of seismic event migra-
ion within the reservoir is controlled principally by the density and
pacing of the fractures.

The model with the higher fracture density (0.9 m−1) and
maller fracture spacing (150 m)  Fig. 7B apparently generates both
he greatest number and the largest seismic events (MS = 1.9) after
0 years of reservoir production. Absolute stress is largest when
he reservoir is deepest, but stress drop is limited by the difference
n peak and residual strength of the fractures (∼3 MPa) and hence
annot be a critical parameter. This behavior occurs because trans-
ort of fluid pressure and thermal removal from blocks is much
aster for the closely spaced fractures (∼150 m)  than for the net-
ork with widely spaced fractures (∼300 m).  As a result, the fluid
ropagates faster with distance than for the more closely spaced
ractures as observed in Fig. 7B in a given time. The event rate is
igher when the fracture network has the larger density (0.9 m−1),
ith smaller fracture spacing (∼150 m),  and is located at a depth
here the initial stresses are higher (zone D).

.1. Evolution of seismic events

Using a stress–strain fracture criterion to determine the total
train energy available for release (this energy is assumed to be
hed seismically), we observe that during the rupture process the
hear stress drops an amount �	  from an initial value of 	i to a
nal value 	f. The total energy is calculated from the strain changes
nd volume of the matrix (Izadi and Elsworth, 2013). A relation is
ntroduced to determine the number of events which occur during
he failure process based on potential and total energy as

event = ET

Ep
(2)

here Nevent is the number of seismic events, ET is the total energy
nd Ep is the potential energy. The model introduced above allows
he prediction of the number of seismic events during long-term
timulation. The release of seismic energy, which is generated in
he proposed Newberry EGS reservoir due to thermal, hydraulic and

echanical effects, is calculated for shallow (0.5 m−1) to deep zones
0.9 m−1) for small (∼150 m)  to large (∼300 m)  fracture spacing.
hese outcomes allow a comparison of the effects of the low and
igh fracture densities as well as small and large fracture spacing.

The characteristic event magnitude distribution that occurs in
uch cases is defined based on the size, population, location, and
pacing of larger fractures (200–1200 m).  Results indicate that a
igher density fracture network (0.9 m−1) with small fracture spac-

ng (∼150 m)  experiences significantly increased rates of event
igration and is associated with a higher number of seismic events

ompared to those with larger fracture spacing (300 m).
The largest events appear to occur close to existing large and

idely spaced fractures where stress drop reaches the maximum
agnitude ∼3 MPa. Thus the energy release from these large

∼200–1200 m)  and closely spaced (∼150 m)  fractures within the
eservoir generate a higher number of seismic events with higher
agnitude. This analysis gives significant information about the

ate of migration of a seismic event within the reservoir and how it
hanges over time. The number of seismic events decreases during
roduction by increasing the fracture density either for small or

arge fracture spacing. This behavior is related to evolving rates of
hermal and hydraulic transport. The following section separately
xamines the rate of hydraulic and thermal transport within these
eservoirs during long-term production.
. Hydrodynamic and thermal front triggering of seismicity

This section discusses the mechanisms of seismic triggering
y correlating the evolution of seismicity with the transit of the
the  references to color in this figure legend, the reader is referred to the web version
of  the article.)

hydrodynamic and thermal fronts within the reservoir. The evolu-
tion of the seismicity from stimulation to production of a reservoir
in the long term (i.e. 20 years) is illustrated by determining
the propagation of fluid pressure and thermal fronts through
the reservoir over time. Large magnitude events (1.5–1.9) are
observed during early transit of the fluid pressure front transi-
tioning to lower magnitude late-time events resulting from the
secondary transit of the thermal front. Both temperature and
pressure-diffusion may  induce seismicity and may  be related in
a natural way to the triggering front concept (Shapiro and Dinske,
2007).

The hydrodynamic and thermal fronts are tracked as they prop-
agate through the reservoir for various fracture networks of low to
high density and at low and high initial stresses (shallow to deep
zones). The location of these fronts is defined by the propagation
of the fluid flow rate at any given time. The evolution of seismic-
ity for long-term production (20 years) is shown in a radius-time
plot relative to the propagation of the fluid and thermal fronts in
Figs. 8 and 9 (injection flow rate is set at 44 l/s in the simulation).
The figures show the progress of the fluid and thermal fronts in the

reservoir, together with the progress of induced seismicity in both
zones B and D with closely spaced (∼150 m)  and widely spaced
(∼300 m)  fractures.
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Fig. 9. Radius versus time plot for short term of the progress of fluid and thermal
fronts in the reservoir and of induced seismicity (injection flow rate is 44 l/s). Reser-
voir located at two different zones (shallow to deep) and at two  different depths
of  2000 and 2750 after 20 years of reservoir production. The same network of large
fractures (density of 0.006 m−1 and spacing 150 m)  applied at each zone. Larger seis-
mic  moment of individual events shown red: Ms = 1.5, blue: Ms = 1.7, yellow: Ms = 1.9.
(A)  For smaller fracture (10–200 m)  the densities of 0.5 m−1 in the shallow zone B.
(B)  Fracture density of 0.9 m−1applied in the deeper zone D. (For interpretation of
t
o

m
s
f
o
l
z
s
m
z
i
z

r
m
t
(
p
t
t
f
d
E

Fig. 10. Number of events as a function of magnitude indicating b-value for moment
magnitudes in the range 0–1.3 after 20 years of reservoir production. Reservoir
located in shallow zone D and at depth of 2750 m. b-values are evaluated at dif-
ferent times of production for the network of large fractures (density of 0.003 m−1
he  references to color in this figure legend, the reader is referred to the web  version
f  the article.)

Figs. 8 and 9 also show the progress of the fluid and ther-
al  fronts in the reservoir, together with the progress of induced

eismicity. The advancement rates of the hydraulic and thermal
ronts as functions of the different fracture characteristics are
bserved first with a fracture network density of 0.5 m−1 in shal-
ow zone B (Fig. 8A) and then with a density of 0.9 m−1 in deep
one D (Fig. 8B), followed by an observation of both with the
ame large fracture spacing of ∼300 m.  Further observations are
ade with a fracture network density of 0.5 m−1 in the shallow

one B (Fig. 9A). A density of 0.9 m−1 in the deep zone D (Fig. 9B)
s used with the same small fracture spacing of ∼150 m in both
ones.

The deepest penetration of the hydrodynamic front into the
eservoir at any given time is recorded for the network with the
ost closely spaced fractures (∼150) (i.e. with the larger frac-

ure density (0.9 m−1)) and for zone D at a deeper depth (2750 m)
Fig. 9B). This increased penetration could result from the larger
ermeability change for the more closely spaced network due to
he immediate increase in fluid pressure as well as a drop in effec-
ive stresses. In addition, heat removal from the reservoir blocks are

astest for the most closely spaced fractures due to the (thermally)
iffusive length scale defined by fracture spacing (Elsworth, 1989;
lsworth and Xiang, 1989).
and spacing 300 m),  and for the smaller fractures (10–200 m)  with the density of
0.9  m−1.

Events are separated into three magnitude classifications (MS
∼1.5, 1.7 and 1.9). It is observed that the number of seismic events
decays with time and distance from the injection point for each
reservoir. This illustrates that most of the seismic activity is trig-
gered by hydraulic effects at early times (days to month) relative
to the initiation of stimulation. At a later time (months to years
later), thermal effects (and possibly chemical effects) may  con-
tribute to the seismicity when the seismicity front lags behind the
hydrodynamic front.

6. Empirical relation for seismicity occurrence during
production

The cumulative number of seismic events can be expressed
by the magnitude distribution (Gutenberg and Richter, 1944) in
the form log Nevent = a − bM, where Nevent is the number of seis-
mic  events within a magnitude interval M ± �M. Here, a and b
are constants that describe the productivity and the relative size
distribution of the events, respectively.

This section discusses the scaling of event frequency, with Nevent

as a function of fluid pressure and temperature during reservoir
production. The number of events as a function of time is controlled
only by the cumulative mass of fluid injected, which can cause fail-
ure and result in energy release. The greater this energy release, the
larger the number of events induced at a given location, and con-
sequently the greater the probability of large-magnitude events.
Thus, the model above is able to predict magnitude-frequency dis-
tributions.

The modeled b-value for the Newberry EGS at deeper zone D
(0.9 m−1) is illustrated in Figs. 10 and 11. Fig. 10 corresponds to
the network with larger fracture spacing (∼300 m),  and Fig. 11 is
related to smaller fracture spacing (∼150 m).

By modeling results during stimulation (Izadi and Elsworth,
2014), it can be observed that the closely spaced fracture network
with a higher stress regime (at the deeper level) has the largest b-
value. This shows a greater number of events induced due to the
existence of a higher density fracture network (0.9 m−1) under the
prescribed conditions of higher in situ stresses compared to the
lower predicted b-value in the shallow zone with the lower den-
sity fracture network (Izadi and Elsworth, 2014). As a result, this

section only considers the reservoir at the deeper level (zone D)
when analyzing the change in the b-value during reservoir produc-
tion. The main focus of this study is comparing the number of large
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Fig. 11. Number of events as a function of magnitude indicating b-value for moment
magnitudes in the range 0–1.34 after 20 years of reservoir production. Reservoir
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Fig. 12. Flow rate, temperature and thermal output for Newberry EGS after 20 years
of  production at two different depths of 2000 m and 2750 m.  Blue dash lines relate to
the  network of closely and widely spaced fractures (∼150 and 300 m) at shallow zone
B,  and red dash lines relate to the network of closely and widely spaced fractures
ocated in shallow zone D and at depth of 2750 m.  b-values are evaluated at different
imes of production for the network of large fractures (density of 0.006 m−1 and
pacing 150 m),  and for the smaller fractures (10–200 m)  with the density of 0.9 m−1.

nd small seismic events associated with large and small fracture
pacing when the reservoir is located at the deeper zone (D).

The largest b-value (∼1.34) is observed during production when
he reservoir is seeded with closely-spaced fractures (150 m).  These
bservations indicate that smaller fracture spacing results in both

 higher b-value and a greater number of events; it is the dominant
arameter influencing behavior.

Over longer periods of time (20 years), the largest b-value for
he small and large fracture spacing shows more small events than
arge events during long-term production. The b-value varies from
.14 to 1.30 for widely (300 m)  spaced fractures and 1.16 to 1.34 for
losely (150 m)  spaced fractures in zone D. In both cases, the a-value
ecreases and the b-value increases – indicating both decreased
agnitude and decreased number of events during long-term pro-

uction when compared with those occurring during stimulation.

. Thermal energy

The thermal output of the reservoir is examined after 20 years of
roduction to consider the key influence of stress state and fracture
etwork structure on thermal production. In this circumstance, the
eservoir comprises fractures with either low or high fracture den-
ity and from shallow depth (zone B) to greater depth (zone D).
hese models examine the sensitivity of the network with large
nd small fracture spacing on thermal recovery within the reservoir
uring long-term reservoir production.

The rate of thermal energy production is a function of the fluid
ass production rate and the temperature difference between the

njected and recovered fluid. The thermal energy (Ethermal) recov-
red from the geothermal reservoir is defined as

thermal = Ṁc
T  (3)

here mass flow rate is Ṁ = �, Q , � is water density, Q is flow
ate, and c is the specific heat capacity of the fluid. The tempera-
ure difference is 
T  = Tproduction − Tinjection fluid, where Tinjection is the
njection fluid temperature and Tproduction is the production temper-
ture. The parameters used in the simulation are listed in Table 2.
he estimated thermal energy for zones B and D, with small and
arge fracture spacing, is illustrated in Fig. 12C. The geometry of the
eservoir for all zones is the same when the injector and producer

re separated by 700 m.

The flow rate and temperature profile for both shallow to deep
ones (B and D) is displayed in Fig. 12A and B. The highest flow
ate is observed in systems where the smallest fracture spacing
(∼150 and 300 m)  at deeper zone D. (A) Flow rate profile. (B) Temperature profile.
(C) Thermal recovery. (For interpretation of the references to color in this figure
legend, the reader is referred to the web  version of the article.)

(150 m)  and highest fracture density network (0.9 m−1) is applied.
Because flow rate is a function of permeability changes as well as
fracture surface area for closely spaced fractures (∼150 m) with
higher fracture density (0.9 m−1), the migration of fluid pressures
and thermal removal from blocks is much faster than for a network
of widely spaced fractures (∼300 m).

A previous study (Izadi and Elsworth, 2014) illustrated that the
fluid penetration in a closely spaced network (zone D)  is both larger
and reaches further from the injection well when compared to the
wider-spaced network (zone B). Thus the increased penetration of
fluid injection results in a larger initial permeability change for the
more closely spaced network. The higher density network (deep
zone) with a closely spaced fracture can provide a larger permeable

network and lead to increased flow rates (Fig. 12A). These results
illustrate that if the fracture density is increased then such a sys-
tem is capable of supporting much higher flow rates, which is also
beneficial for higher rates of energy recovery. Thus flow rate in
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he system is related to the fracture spacing and fracture density,
hich ultimately leads to decreased flow rates at increased fracture

pacing.
Larger fracture density also increases the heat transfer area,

hich would significantly increase the performance of the system
t an earlier time (∼1 year). Higher rates of temperature decline
hen the zone is filled with a higher number of fractures, lead-

ng to more rapid advancement of the thermal front (Fig. 12B).
y increasing the fracture spacing in shallow to deep zones, heat
emoval is slower compared to those with smaller fracture spacing.
uch behavior illustrates that temperatures are able to change sig-
ificantly during a long-term production period. This response will
e fastest for the most closely spaced fractures due to the (ther-
ally) diffusive length scale defined by fracture spacing (Elsworth,

989; Elsworth and Xiang, 1989). Thus, for a deeper reservoir with
maller fracture spacing (∼150 m),  the cooling rate is fastest and
he thermal transfer rate is highest.

As discussed, the more desirable system for energy recovery is
chieved at early times (∼1 year) when the fracture density is high
nd fracture spacing is small. Such a system is capable of supporting

 thermal recovery close to ∼10 MW in zone D and ∼8 MW at zone
. The total thermal output of zones B, C, D and E is close to ∼36 MW
r ∼14MWe  for a conversion efficiency of 40%.

. Conclusion

Using different experimental models, this paper examines the
ominant behaviors influencing induced seismicity as well as heat
roduction within EGS reservoirs during long-term production
∼20 years). A THMC model is used to explore the roles of thermal-
ydraulic-mechanical- and chemical-effects on different fractured
eservoirs. Various fracture networks (low to high density) are
onsidered for both closely and widely spaced fractures, and reser-
oir conditions change due to varying reservoir depths, shallow
2000 m)  to deep (2750 m).  These numerical models are applied
o the Newberry EGS field (USA) to determine the effect of these
ey factors on induced seismicity during long-term (∼20 years)
eservoir production.

The results demonstrate that when a reservoir is located at
reater depth and with more closely-spaced fractures (∼150 m),
he increase of fluid circulation is higher. The permeability change is
ropagated further from injection and occurs in a shorter time com-
ared to those with a widely spaced fracture network (∼300 m).
ikewise, for the reservoir with the highest density of fractures
nd high initial stresses (due to greater depth) – the evolution of
eismicity is more rapid (higher event rate), and its distribution
xpands faster with radius (zone D).

A maximum event magnitude for identical fracture distributions
s Ms ∼ 1.9, a magnitude directly related to the largest fracture size
∼1200 m)  and maximum prescribed shear stress drop (∼3 MPa) in
he reservoir.

The hydrodynamic and thermal fronts are also defined for dif-
erent fracture structure (with closely-widely spaced fractures) to
etermine seismicity triggering during long-term production. A
igher migration rate and a quicker advancement of these fronts

s observed when the zone is filled with closely spaced fractures
∼150 m)  under the prescribed conditions of higher in situ stresses
deeper zone). As a result, larger numbers of seismic events are cre-
ted due to higher flow rates when the fracture spacing is smallest.

There is a significant increase in both the number and magnitude
f seismic events when the fracture density increases and fracture

pacing decreases. The effects of thermal stress and pore pressure
n the evolution of seismicity in reservoirs is examined separately
nd indicates that the most important mechanism triggering slip
nd promoting both the number of seismic events and the moment
ics 53 (2015) 385–395

magnitude, is the augmentation of fluid pressure. The penetration
of the hydrodynamic front is observed to be controlled principally
by the size, number, location, and spacing of fractures.

When the spacing of fractures in the system is decreased, the
fluid flow is able to penetrate more rapidly during injection.

We observe the propagation of fluid pressure and thermal fronts
generate seismic events thorough reservoir with time. Large events
at early-time (days to month) occurs due to the fluid front. Over
longer periods of time (month to years) smaller seismic magnitude
formed as a result of thermal (-chemical) front within reservoir.

The network with small (∼150 m)  fracture spacing is capable of
generating the highest flow rate and as a result is the fastest prop-
agating hydrodynamic front observed. This behavior allows the
system to create a large number of events with highest magnitude
(1.9) from months to years after the start of injection.

We  then modeled the b-value for different fracture networks
with different fracture spacing (the b-value describes the fracture
process within reservoirs and is related to the size, location, dis-
tribution, and spacing of fractures) and characterized the induced
seismicity by the b-value for shallow (B) to deep zones (D). The
largest b-value was observed at zone D, indicating a larger num-
ber of triggered seismic events (also with a larger distribution in
location). The approximate b-value for the Newberry EGS  in the
deepest zone (D) for two  different fracture spacing shows that the
smaller fracture spacing (∼150 m)  has the highest b-value. The b-
value regime in small and large fracture spacing indicates a higher
number of events when the spacing is decreased.

The temperature and flow rate profile for shallow and deep
zones B and D with small and large fracture spacing was examined
to evaluate the thermal recovery from these zones after 20 years
of reservoir production. The highest thermal output is from the
deeper zone D with a closely spaced fracture network. A high num-
ber of fractures in the system with small spacing between fractures
increases the rate of cooling and contributes to having a quicker
decline in temperature and also to generating a fluid flow path for a
higher system flow rate. Based on the information discussed above,
this paper concludes that the total thermal output for Newberry
EGS at four shallow to deep zones B, C, D and E is close to ∼36 MW
or ∼14 MWe.
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