Geothermics 63 (2016) 62–73

Contents lists available at ScienceDirect

Geothermics
journal homepage: www.elsevier.com/locate/geothermics

Anomalous distribution of microearthquakes in the Newberry
Geothermal Reservoir: Mechanisms and implications
Yi Fang a,∗ , Sabine A.M. den Hartog b , Derek Elsworth a,b , Chris Marone b ,
Trenton Cladouhos c
a
Department of Energy and Mineral Engineering, EMS Energy Institute, and G3 Center, The Pennsylvania State University, University Park,
PA 16802, United States
b
Department of Geosciences, EMS Energy Institute, and G3 Center, The Pennsylvania State University, University Park, PA 16802, United States
c
AltaRock Energy, Inc., Seattle, WA 98103, United States

a r t i c l e

i n f o

Article history:
Received 23 October 2014
Received in revised form 30 March 2015
Accepted 29 April 2015
Available online 18 June 2015
Keywords:
Fluid-injection-induced microearthquakes
Anomalous distribution
Frictional stability

a b s t r a c t
Stimulation of enhanced geothermal system (EGS) reservoirs by ﬂuid injection can enhance the reservoir
permeability but may also result in undesired microearthquakes (MEQs). A bimodal depth distribution of
ﬂuid-injection-induced MEQs was observed in the 2012 stimulation phase of the Newberry Volcano EGS
Demonstration project in Oregon, US. During 7 weeks of hydraulic stimulation of well NWG 55-29, 90% of
MEQs occurred in the shallow reservoir (∼500 m to ∼1800 m), only a few occurred adjacent to the bottom
of the open borehole (∼2500 to ∼3000 m) while almost no seismicity was observed in the intervening
interval (∼1800 m to ∼2500 m). Our analysis of frictional stability using spatial models for ﬂuid pressure
diffusion of injected ﬂuids show that the distribution of MEQs is consistent with observed casing damage,
and a possible leak at ∼700 m, and is inconsistent with migration of ﬂuids from the casing shoe. The role
of ﬂuid injection through the ruptured casing is further supported by the analyses of shear failure and
pore-pressure diffusion. Finally, the absence of seismicity at intermediate depths is consistent with our
laboratory determinations of frictional stability, showing velocity strengthening frictional behavior for
samples from intermediate depths, bracketed by velocity neutral and weakening behavior for samples
from shallower and greater depths.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Enhanced Geothermal Systems (EGS) technology has great
potential to utilize Earth’s vast thermal resources to meet the
world’s growing need for energy. Since natural-fractured, hightemperature geothermal systems do not necessarily have high
permeability for efﬁcient ﬂuid circulation, they are typically stimulated via hydroshearing to recover geothermal energy sustainably
and economically. Hydroshearing is achieved by injecting water
at a stimulation pressure that is above the local hydrostatic porepressures but below the minimum principal stress. This process
induces shear failure of preexisting fractures and self-propped
Mode II or Mode III cracks, resulting in zones of enhanced permeability in otherwise typically low permeability crystalline rock
(Evans et al., 2005; Tester, 2007). The resulting increased heat
exchange area and residence time of injected ﬂuids allows these
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ﬂuids to reach optimum production temperature (Hubbert and
Rubey, 1959; Majer and Peterson, 2007), increasing the production
of geothermal energy.
A drawback of the hydroshearing technique is that the elevated
pore-pressures during ﬂuid injection can induce low magnitude
(Mw ) microearthquakes (MEQs) in the reservoir where faults are
absent in the stimulated region (Bachmann et al., 2011; Majer
et al., 2007; Zoback and Harjes, 1997). Additionally, the short-term
thermal cooling of the hot reservoir rock and long-term chemical interactions between the rock and the circulating ﬂuid can also
induce shear failure or even tensile failure, further enhancing the
occurrence of MEQs (Elsworth and Goodman, 1986; Rutqvist et al.,
2008). Clearly, the occurrence of MEQs is the result of complex coupled thermal-hydro-mechanical–chemical processes during the
development of EGS.
MEQs, while posing a threat to public acceptance of EGS, provide
crucial feedback on the progress of subsurface activities in EGS
reservoir stimulation (e.g., crack propagation, permeability evolution, and temperature changes (Izadi and Elsworth, 2013; Majer
et al., 2007). Particularly, the spatial distribution and timing of
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Fig. 1. 2012 stimulation of Well NWG 55-29 was completed through three phases. (a) Expected distribution pattern of MEQs in each of stimulation phase. (b) Observed
distribution of MEQs, showing both spatial and temporal anomalies.

MEQs are of signiﬁcance, potentially providing reliable constraints
on the progress and effectiveness of stimulation, guiding optimum production of the reservoir, and ensuring the economic
maintenance of reservoir life. Of particular interest in this respect
are EGS sites where the seismicity distribution is anomalous.
Such an anomalous distribution of MEQs was observed in an EGS
Demonstration Project at Newberry Volcano, Oregon that has been
operated by AltaRock Energy Inc. since 2009. The stimulation well
(NWG 55-29) of the Newberry EGS system consists of a cased
portion to ∼1800 m depth followed by an open section to ∼3000 m
depth and was stimulated in 2012 by ﬂuid-injection. In contrast
to the expected MEQ distribution adjacent to the borehole along
its entire open zone (Fig. 1a) – including the widely observed progressive movement to greater depths of induced seismicity with
time (Fehler, 1989), – the seismicity at the Newberry Geothermal
Reservoir exhibited a bimodal depth distribution of MEQs (Fig. 1b).
During the seven weeks of hydraulic stimulation, a few MEQs
occurred adjacent to the bottom of the open hole (within the initial
4 days) while almost no seismicity was observed in the principal

stimulation zone (∼1800 m to ∼2500 m depth). Anomalously, 90%
of the MEQs occurred above the casing shoe (at depths between
500 m and 1800 m over the next 46 days) adjacent to the cased
portion of the well.
We propose that the enigmatic distribution of MEQs during the
stimulation may have resulted from two alternative causes: (1)
ﬂuid injection through a leak in the casing. A segment of the casing
may have been damaged in the shallow reservoir. The resulting leak
would have introduced ﬂuid overpressures and thermal stresses
that could reactivate fractures. This ﬂuid diversion in the wellbore
would reduce pressures in the deep borehole (∼1800 to ∼3000 m
depth) and staunch the potential for hydroshearing. Alternatively,
(2) the shallow casing leak may have been minimal, but migration of the injected ﬂuid from the casing shoe (∼1800 m depth) to
the shallow zone (∼500 m to ∼1800 m depth) triggered local seismic events that began after ∼5 days – again as a result of elevated
pore-pressures and thermal stress.
In this study, we employ both brittle failure analyses and friction
experiments to explore the mechanisms behind and implications
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of the observed anomalous spatial and temporal distribution of
seismicity at the Newberry Geothermal Reservoir. Our results suggest that the bimodal seismicity distribution is due to leakage from
the well at shallow depth. Moreover, we show that the absence
of seismicity at intermediate depths cannot be explained by the
observed stress and presumed stability regime but is consistent
with alternate distributions of frictional strength and stability.
We begin with a description of the geological setting of the
Newberry Geothermal Reservoir. Next, we provide the rationale
behind and approach of various analyses that we conducted to
obtain insight into the cause of the anomalous distribution of
seismicity in the Newberry Geothermal Reservoir. Our analysis
consists of four consecutive steps: we (i) deﬁne the controls on
frictional stability within the shallow crust, (ii) deﬁne the anticipated timing of these events if driven by ﬂuid migration, (iii)
use the depth-stability analysis to show that if MEQs occur at
depth, then they should also be present at all depths, and then
(iv) explore reasons for the missing seismicity through inferred
strain-hardening/velocity-strengthening behavior, constrained by
experimental characterization. We assume constant frictional
properties in efforts (i)–(iii) and test this assumption via the shear
experiments (part (iv)). In addition, throughout theoretical analyses (i–iii), we adopt the in situ stresses and pore-pressures as
estimated in the geological setting and treat these quantities as
constants.
2. Geological setting and methods

The pre-existing fractures are considered to be optimally oriented for shear failure with the fracture normal at an angle  to the
maximum principal stress  1 (Fig. 3).
Thus, we have:
neff =

Observations such as in situ stress measurements in deep
boreholes (Zoback and Healy, 1992), seismicity induced by ﬂuid
injection (Pine et al., 1983; Raleigh et al., 2013) and earthquake
triggering of secondary earthquakes (Stein et al., 1992) all suggest
a state of dynamic equilibrium within the upper continental crust
(Townend and Zoback, 2000). Here, we explore the potential for
shear failure of critically stressed fractures throughout the depth
of the geothermal reservoir. We use the Mohr–Coulomb failure criterion (Fig. 3) to deﬁne the shear strength,  s , for brittle failure of
pre-existing fractures:
s = C0 + s · neff = C0 s · (tot − ˛b · Pf )

(1)

where C0 is cohesion; s is the coefﬁcient of friction (tangent of
friction angle ϕ);  neff is the effective normal stress;  tot is the total
normal stress; and ˛b is the Biot coefﬁcient.
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where  is the critical shear stress;  1 ’ and  3 ’ are the effective
maximum and minimum principal stresses, respectively; and 2
is equal to ϕ+/2. In this study,  1 and  3 denote the vertical and
minimum horizontal stresses, respectively. Combining Eqs. (1) and
(3), yields:
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Extending the principal stress as a function of in situ stress gradients, reservoir depth, initial hydrostatic pore-pressure, and applied
wellhead pressure, we can rewrite Eq. (4) as follows:
Fpot =

2.1. Geological setting

2.2. Shear failure analysis

2


=−

Fcrt =

The Newberry Volcano has been active for 0.5 Myr and is located
in Deschutes County, Oregon, ∼40 km south of Bend and ∼56 km
east of the crest of the Cascade Range. Well NWG 55-29 cuts through
a thick ﬂat-lying sequence of tuffs and reaches a depth of ∼3 km
west of the caldera rim of Newberry Volcano (Fig. 2a) (Cladouhos
et al., 2011). Neither ring fractures nor faults transect the stimulated
injection well (Davatzes and Hickman, 2011), eliminating the possibility of vertical conduits to transmit ﬂuids. However, pre-existing
fractures are observed in the borehole (Davatzes and Hickman,
2011). We consider a normal faulting stress regime according to
the World Stress Map (Heidbach et al., 2010) and take the vertical
 v , maximum horizontal  H , and minimum horizontal  h , stresses
to be zero at the surface and use gradients of 24.1, 23.5 (N–S) and
14.9–15.8 (E–W) MPa/km, respectively with an initial hydrostatic
pore-pressure Pf gradient of 8.8 MPa/km. The volcanic stratigraphy
and the in situ stress regime are indicated in Fig. 2b. The average
wellhead pressure during the stimulation was ∼6 MPa (Cladouhos
et al., 2011; Davatzes and Hickman, 2011).
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where  1 ,  3 , and  f , represent the gradients of  1 ,  3 , and Pf ,
respectively; z is the reservoir depth and Pw is the local wellhead
pressure (Fig. 3). We deﬁne Eq. (5) as the shear failure potential Fpot and Eq. (6) as the critical failure index Fcrt to determine
whether a critically stressed fracture would fail at a given reservoir
depth. If the cohesion C0 is null, then the critical failure index Fcrt
is controlled only by the coefﬁcient of friction of the pre-existing
fractures.
Before stimulation, Fpot is a constant value deﬁned by the initial
in situ pore-pressure and in situ stresses. During ﬂuid injection,
Fpot becomes a function of both depth and the ﬂuid pressure. More
realistically, injecting cold ﬂuid in the hot reservoir induces thermal
contraction of the rock, reducing the effective stresses acting on
the fracture. The upper-bound for the induced thermal stress is
approximated as:
thermal = ˛ ·

T ·E

(7)

where ˛ is the linear thermal coefﬁcient;
T is temperature
change; E is the Young’s modulus of the reservoir rocks and a full
displacement constraint is assumed. This yields the shear failure
potential:
Fpot =

(1 − ˛b · f ) · z − ˛b ·

Pw − thermal

(3 − ˛b · f ) · z − ˛b ·

Pw − thermal

(8)

Thus the relation between Fpot and Fcrt with respect to the shear
failure events in the geothermal reservoir can be described as: (1)
If Fpot is equal to or greater than Fcrt , then shear failure may occur.
(2) If Fpot is less than Fcrt , then no failure occurs.
For the scenario of a casing leak in the shallow reservoir, we
assume that the wellhead pressure in the leaking window is transmitted to the open zone. Thus, we use this method to examine
the shear failure potential on pre-existing fractures exposed to the
same Pw .
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Fig. 2. (a) Location of well NWG 55-29 (from Google Earth). (b) Stratigraphy and stress regime of well NWG 55-29.

2.3. Pore-pressure diffusion analysis
In well injection scenarios, pore-pressure diffusion is an important factor that may inﬂuence the timing of seismicity (Evans
et al., 2005; Lee and Wolf, 1998; Shapiro et al., 1997). In the
low-frequency limit of Biot’s (1962) equations, the pore-pressure

diffusion from a borehole in a ﬂuid-saturated porous medium is
expressed as (Biot, 1956; Shapiro et al., 2002):

ˇ

∂p
∂
=
∂t
∂t



k


· r2 ·

∂p
∂r



Fig. 3. Schematic fracture plane with respect to stress conﬁguration (left side) and depth and ﬂuid pressure dependent Mohr circles (right side).

(9)
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where ˇ is the compressibility coefﬁcient; ˚ is the porosity; p is
the pressure; t is the diffusion time; r is the diffusion length; is
the viscosity of the ﬂuid; k is the permeability. The solution to Eq.
(9) for a Heaviside pressure pulse applied at the origin (Shapiro
et al., 1997) suggest that the distance from the injection point to
the triggering front can be described as:
r 2 = 4Dt = 4t

N

(10)

where D is the hydraulic diffusivity and N is a poroelastic modulus deﬁned as follows (Delépine et al., 2004; Lachenbruch, 1980;
Shapiro et al., 1997):



N=

˛
+
Kf
Kg

−1

(11)

where ˛ = 1 − Kd /Kg ; Kd is the drained bulk modulus of the dry
frame; Kg is the bulk modulus of the grains; and Kf is the bulk
modulus of the ﬂuid.
We use Eq. (10) to estimate the time necessary for injected ﬂuid
to diffuse from the top of the open hole (base of the casing) to the
shallow reservoir and test whether this can explain the observed
timing of anomalous seismicity at shallow depths in the reservoir.
We assume spherical pore-pressure diffusion in a homogeneous
medium, and we focus on upward diffusion along a vertical path as
this is the shortest distance to reach the shallow reservoir and thus
deﬁnes the shortest critical diffusion time tc .
2.4. Friction experiments
In the foregoing analyses, we have assumed constant frictional
properties of the geothermal reservoir rocks. However, in reality,
the frictional characteristics are expected to depend on factors such

as rock composition and the depth-dependent in situ pressure and
temperature conditions (Den Hartog and Spiers, 2013). Hence, we
performed friction experiments to determine the frictional properties of pre-existing fractures as a function of depth and as such
provide insight into the mechanisms of the anomalous distribution
of seismicity.
2.4.1. Sample material and experimental procedure
We collected 5 samples from drilling cuttings from well NWG
55-29 for friction experiments. Samples 1 and 2 were collected from
the shallow reservoir where abundant MEQs occurred, while samples 3 to 5 were taken from the missing seismic zone at depths
between ∼1800 m and ∼3000 m. After cleaning the samples to
remove the drilling mud and possible drill bit fragments, the samples were crushed and powdered in a disk mill, and ﬁnally sieved
to a particle size less than 150 m. The mineralogical composition
of the samples was characterized via X-Ray Diffraction analysis
(XRD), which shows that the samples were dominated by three
groups of minerals: carbonate (mainly calcite), phyllosilicates and
tectosilicates (Table 1).
The experiments were performed with a biaxial testing apparatus (Fig. 4a), using the same set-up and following similar procedures
as (Samuelson et al., 2008). In this machine, two gouge layers are
sandwiched between three roughened steel forcing blocks with
a contact area of 50 mm × 50 mm. We performed experiments at
room temperature on water-saturated gouge layers with an initial
thickness of 5 mm. To ensure that gouge layers were ﬂat and identical in each experiment, they were constructed using a leveling jig
and a measured mass (Frye and Marone, 2002).
Shear loading was attained by forcing the central block down
at a constant velocity of 10 m/s, while applying a normal
load of 15 MPa perpendicular to the shear direction. After the

Fig. 4. (a) Double-direct shear geometry in a biaxial load frame. (b) Conceptual sliding model representing the fracture/fault sliding behavior. (c) Idealized RSF friction
response to an increased velocity step showing two alternative frictional behaviors: velocity strengthening and velocity weakening.
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Table 1
Information of drilling core samples from stimulation well NWG 55-29.
No.

Depth (m)

Formation

Mineral Compositions

S1
S2
S3
S4
S5

∼701
∼1407
∼2139
∼2603
∼2904

Newberry
John Day
Intruded John Day
Intruded John Day
Intruded John Day

81% Albite, 17% clinopyroxene, 2% hematite
49% Andesine, 14% calcite, 13% montmorillorite, 11% clinochlore, 7% quartz, 3% vermiculite
60% Albite, 20% quartz, 14.8% clinochlore, 3.5% calcite, 2.6% muscovite
70% Albite, 12% quartz, 11% phlogopite, 2.5% chlorite, 2.1% stilbite, 0.5% calcite, 1.9% others
56.4% Albite, 23.6% quartz, 14.6% orthoclase, 4.4% clinochlore, 0.6% muscovite, 0.4% calcite

achievement of steady-state friction, the sliding velocity was
stepped in the range from 1 m/s to 300 m/s until a displacement of 9 mm was reached. The normal stress was next raised to
45 MPa and the velocity sequence was repeated, reaching a ﬁnal
displacement of 18–20 mm. The effect of calcite on the frictional
properties of the Newberry samples was tested by performing additional experiments on samples 2 and 4 after leaching with 12%
hydrochloric acid to remove the calcite.
2.5. Data analysis
We calculated the coefﬁcient of friction  as a function of
shear displacement for our experiments using  = / n . The velocity dependence of friction was interpreted in the framework of the
rate and state friction (RSF) theory (Fig. 4b) (Dieterich, 1979, 1978;
Ruina, 1983). In the RSF approach to modeling fracture slip, the
friction coefﬁcient is written as (Dieterich, 1978; Marone, 1997;
Scholz, 1998):
 = 0 + a ln

V 
V0


+ b ln

V0 
Dc


(12)

d
V
=1−
Dc
dt

(13)

where 0 is the coefﬁcient of friction at a reference velocity V0 ;  is a state variable, a and b are friction parameters
which represent, respectively, the effect of instantaneous and
displacement-dependent changes in friction from V0 to V = eV0 ; and
Dc is the critical slip distance over which evolution to a new steady
state takes place. Frictional slip instability is determined in part
by the parameter (a − b) derived from Eq. (12) for a ﬁnite step in
velocity, yielding (Dieterich, 1979; Ruina, 1983; Scholz, 1998):
a−b=

ss
ln V

(14)

A positive value of (a − b) denotes velocity-strengthening
behavior indicative of stable, aseismic slip (Gu et al., 1984), while
a negative a − b indicates velocity-weakening behavior, which is
potentially unstable (Fig. 4c). The RSF friction parameters were
determined from our experiments by solving Eqs. (12) and (13),
coupled with an equation describing elastic interaction with the
testing machine, using the ﬁtting method described by Marone
(1998) and Blanpied et al. (1998).

Fig. 5. Shear failure potential and critical failure as a function of depth for wellhead pressure applied at all depth. (a) Effect of coefﬁcient of friction of pre-existing fractures.
Assuming the friction angle is 35◦ , the value of shear failure potential (blue curve) is greater than that of the critical failure line (purple line) above the critical depth at
∼1900 m, while it is smaller below this depth. If the fracture has a larger (or smaller) friction angle than 35◦ (or 30◦ ), the stability region will increase (or decrease). (b) Effects
of magnitude of wellhead pressure and thermal stress. When wellhead pressure increases from 3 MPa to 6 MPa, the shear failure region will be enlarged with depth. Thermal
stress will enhance the instability along the depth. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

68

Y. Fang et al. / Geothermics 63 (2016) 62–73

Frictional stability depends on the critical stiffness Kc deﬁned
as:
Kc =

n (b − a)
Dc

(15)

As shown by Gu et al. (1984), instability may occur if the loading
stiffness K is smaller than the effective-rheologic stiffness Kc .
If we assume a circular dislocation (fracture) in a homogeneous
medium, the effective shear stiffness around a fracture of diameter
L is (Chinnery, 1969; Scholz, 2002; Starr, 1928):
K=

·

Gs
L

(16)
3.2. Pore-pressure diffusion

where is a geometric factor and Gs is the shear modulus. Assuming
the crack in the reservoir is penny-shaped, has the value of 7/24.
Combing Eq. (15) and (16), we ﬁnd that the critical fracture length
Lc for instability is:
Lc =

·

Gs · Dc
n · (b − a)

shows that when the friction angle of fractures is 30◦ and the wellhead pressure is 3 MPa, the Fpot at each depth is larger than that
of Fcrt , implying that all the critically stressed fractures will fail to
slip at all depths. If fractures are frictionally stronger, the Fcrt in the
deeper reservoir will be larger than Fpot , resulting in a stable region
in the deep reservoir, but rendering the shallow reservoir unstable (Fpot > Fcrt ). Increasing wellhead pressure (e.g., from 3 MPa to
6 MPa) can both enlarge the regions of hybrid fracturing (shear failure and tensile failure) and hydroshearing where Fpot > Fcrt (Fig. 5b).
In addition, when thermal stresses are considered at each depth
(quenching), the zones of instability spread.

(17)

For fractures smaller than Lc , (i.e., K > Kc ) stable sliding will occur,
while for those larger than Lc (i.e., K < Kc ), unstable slip can result.

3. Results
3.1. Shear failure analysis
Failure may be induced on critically oriented fractures in the
reservoir by the application of sufﬁcient wellhead pressure. Fig. 5a

We consider a possible migration of ﬂuids from the deep open
zone (top of the open zone at ∼2000 m) to the shallow seismic zone
and calculate pressure-diffusion under two end-member permeability scenarios: (1) migration through high permeability fractures
(k = 10 mD) and (2) migration through low permeability matrix
(k = 10 D). During the stimulation, injection of water was completed in three cycles: about 7 days for the ﬁrst cycle, then 7 days
for the second cycle and 14 days for the third cycle after a hiatus of 7
days (Fig. 6a). The depths of seismic events with time are indicated
in Fig. 6b. The timing of these seismic events indicates an appropriate synchronous response to the injected wellhead pressure. The
rate of pore-pressure diffusion in the fractures and rock matrix
shows a signiﬁcant difference that in the ﬁrst injection cycle, the
vertical distances from the depths of all seismic events to the reference depth are larger the pore-pressure diffusion length through
the matrix.

Fig. 6. (a) Injection wellhead pressure with time. (b) Pore-pressure diffusion length with time compared with elevations of seismic events with time. The vertical distances
between the top of uncased wellbore portion and some seismic events in shallow reservoir (above 1000 m) are beyond the maximum diffusion front when reservoir
permeability is 10 md.
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Fig. 7. (a) Mineral contents with depths. (b) Friction-load point displacement curves of examined samples under normal stresses of 15 MPa and 45 MPa, respectively.

3.3. Friction experiments
A preliminary appraisal of the observed seismicity by both
lithostatic (Section 3.1) and distributed parameter models (Section
3.2) suggests that if shear failure occurred in the deep reservoir
(∼3000 m) it should also occur in the upper open zone. Thus
the observed bimodal distribution of seismicity cannot be fully
explained by a model with uniform frictional properties with depth.
Therefore, we determined the frictional slip stability as a function
of depth from our shear experiments to clarify the distribution of
MEQs.
The composition of the samples used for the experiments is
plotted versus depth in Fig. 7a. All samples are dominated by tectosilicates with lesser amounts of phyllosilicates and calcite. The
phyllosilicates and calcite contents reach a maximum at a depth of
∼1500 m while the amount of tectosilicates is lowest at this depth.

The friction curves of all shear experiments were similar (Fig. 7b).
The friction coefﬁcient measured at the end of each constant normal stress portion (i.e. at displacements of 9 and 18 mm for 15 and
45 MPa, respectively) are plotted in Fig. 8 versus depth, while (a − b)
values at 15 and 45 MPa normal stress are shown versus depth in
Figs. 9 and 10.
The measured (a − b) values of samples are predominantly positive (velocity strengthening) at the conditions of our experiments.
At shallow depth (∼700 m) and at the base of the open zone
(∼2900 m), the (a − b) magnitudes are near zero or close to velocity neural, while at ∼1400 m, (a − b) is more positive, representing
more velocity strengthening behavior. The (a − b) values of samples with/without calcite at 15 MPa and 45 MPa normal stress are
shown in Fig. 11.
The results show similar trends of composition of samples and
friction properties with depth, suggesting a possible mineralogical
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Fig. 8. Steady sliding friction  of examined samples with depths before each velocity step under normal stresses of 15 MPa and 45 MPa, respectively.

control on the MEQs at intermediate depth. The critical friction slip
distance increases with post-step velocity (Fig. 12a). We used the
modeled RSF parameters along with a bulk modulus of 17 GPa and
Poisson ratio of 0.27 (Izadi and Elsworth, 2013; Li et al., 2012) to
estimate the critical fracture radius Lc for frictional instability and
earthquake nucleation. The fracture length increases with increasing sliding velocity (Fig. 12b). Our data suggest a minimum fracture
radius of ∼7 m.
4. Discussion
Considering the ﬁrst possible cause that the casing leak in the
shallow reservoir may contribute to the bimodal distribution of the
MEQs, shear failure analysis indicates that the newly introduced
ﬂuid penetrating the shallow reservoir (above ∼1800 m) due to
casing leak will enhance local instability of fractures and induce

MEQs. The less critically oriented fractures in the shallow reservoir could also be reactivated due to the higher shear potential
Fpot compared to that of the deep reservoir (∼3000 m), resulting
in more seismic events. Meanwhile, wellhead pressure Pw in
the open zone (below ∼2000 m) will decrease due to the shallow
casing leak. As a result, the residual Pw in the open zone may
not be sufﬁcient to continue reactivating local pre-existing fractures, which explains why the MEQs diminish in the deep zone
(∼3000 m).
For the second possible cause, pore-pressure diffusion analysis demonstrates that, for reservoir fractures with a permeability
of 10 mD, the estimated ﬂuid migration time does not match the
timing of the observed shallow MEQs within the initial 4 days
of stimulation. Furthermore, the previous logging and testing of
well NWG 55-29 suggests that the pre-existing fractures lack signiﬁcant permeability (estimated at ∼10 D in impermeable zone

Fig. 9. Friction parameter (a − b) of examined samples with depths for each velocity step under normal stresses of 15 MPa and 45 MPa, respectively.
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Fig. 10. (a) Friction coefﬁcient  and (b) parameter (a − b) with depths of approximate in situ normal stress.

Fig. 11. Comparison of frictional parameter (a − b) between calcite contained and calcite removed samples 2 and 4.

Fig. 12. (a) Critical slip distance and (b) critical fracture length with increasing velocity.
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and ∼3.25 mD in permeable zone) (Petty et al., 2013; Spada et al.,
2013). Hence, a realistic diffusion length should be considerably
shorter than the upper-limit end-member scenario and it is plausible that the water cannot migrate upwards and generate critical
overpressures sufﬁciently quickly. As a result, the unmatched timing between MEQs and ﬂuid migration (Fig. 6) implies that the deep
injected ﬂuid is unlikely to be the major cause of early shallow
seismic events.
Based on our friction experiments, and previous studies, we consider four factors that may be important to explain the missing
seismicity at intermediate depths: viz. contrasting mineral compositions, pore-pressures, temperatures and fracture sizes at the
sampled depths in the reservoir. In terms of mineralogy, frictional
strength  shows the opposite trend compared to parameter (a − b)
with depth. The phyllosilicate-rich materials exhibit low frictional
strength and velocity-strengthening behavior while tectosilicaterich materials show high frictional strength with velocity-neutral
(or minimum velocity-weakening behavior) (Figs. 7a and 10) suggesting that (a − b) and  are strongly mineral group dependent.
This relation is also observed in previous studies (Ikari et al., 2011;
Kohli and Zoback, 2013; Niemeijer and Collettini, 2013). The comparison of (a − b) values between samples with calcite and those
in which the calcite was removed shows that dissolving the calcite
decreases (a − b) at room temperature (Figure 11), implying that
the dissolution of calcite can decrease frictional stability. Because
wet calcite-rich fault gouge exhibits stable slip below 80–100 ◦ C,
unstable slip at 10–550 ◦ C, and is stable again at 590 ◦ C (Verberne
et al., 2014), (a − b) values of samples at in situ temperatures
(100–250 ◦ C) are expected to be lower than the values measured in
the current experiments conducted at room temperature. However,
the effects of calcite on (a − b) values are expected to be minimal
in the deep reservoir where the calcite content is negligible. This is
supported by our result showing similar (a − b) values for sample
with and without (∼0.5%) calcite.
Pore pressure is another important factor that may inﬂuence
frictional slip stability (Scholz, 1998). In our experiments, we
observed that the (a − b) values of samples from the shallow reservoir are slightly lower when deformed at a normal stress of 15 MPa
as opposed to 45 MPa. Samples from the deep reservoir, on the
other hand, show slightly higher values at 15 MPa than at 45 MPa.
Although the differences are small, they suggest that a reduction
of the effective normal stress brought about by an increase in the
pore pressure due to plausible casing leak in the shallow reservoir
may result in a lower local (a − b) value, while increasing the pore
pressure due to ﬂuid injection in the deep reservoir can increase
the local (a − b) value.
In summary, from the above we infer that the in situ frictional
slip stability of the shallow reservoir could have been less than
implied by our measured (a − b) data, because: (1) the temperature of the calcite-rich shallow reservoir (∼1400 m) is about 100 ◦ C
and previous studies suggest that (a − b) values are lower at this
higher temperature; (2) An abrupt increase in ﬂuid pressure as a
result of casing leak in this calcite-rich region also decreases frictional stability and (3) low temperature leaking ﬂuid dissolves the
calcite, resulting in a further reduction of (a − b). In addition, (a − b)
values at these depths are very small and close to velocity neutral.
Thus the perturbation by the increased pore-pressure as well as the
temperature effect may result in a shift of local a − b magnitudes
from positive to negative.
In the zone where seismic events are absent, the calcite content of samples decreases with depth and is negligible at the base
of the open zone. Thus the measured positive (a − b) values in
the deep reservoir may be slightly inﬂuenced by the temperature
that promotes velocity-weakening behavior in calcite (i.e., (a − b)
values may be slightly lower than the measured ones). However,
this slight effect is offset by the pore-pressure perturbation that

increasing local ﬂuid pressure (or decreasing effective normal
stress) at greater depths will have, thereby increasing local a − b
values (i.e., local frictional stability is enhanced). As a result, the
measured positive a − b values may be close to the in situ values, implying that only aseismic events could occur in the deep
zone. Furthermore, the migration of cold injected ﬂuid through
the fractures could remove the retrograde-soluble calcite and may
gradually decrease the (a − b) values. In this manner the initial
velocity strengthening properties of preexisting fractures could be
transformed to velocity weakening, with the potential for frictional
instability.
In addition to mineralogical inﬂuences on stability, the distribution of fracture sizes is an important factor to determine the
potential for instability when (a − b) values are negative. Our results
suggest that only fractures with negative (a − b) values and lengths
(radius) greater than ∼7 m may slip unstably. However, fractures
with length less than 7 m are conditionally stable. If in situ fault
creep velocities are slower than the experimental sliding velocity,
the real critical fracture length could be smaller than the lowest
fracture length derived from our data. Based on this analysis, we can
speculate that, if the (a − b) values of the preexisting fractures were
initially negative, then fracture lengths in the stable aseismic zone
must be smaller than this threshold of ∼7 m. This speculation needs
to be validated by further in situ reservoir fracture characterization.
5. Conclusion
Differing from other expected distribution patterns of induced
MEQs with depth, this bimodal depth distribution of MEQs at the
Newberry Geothermal Reservoir suggests unusual controls by ﬂuid
permeation and reservoir mineralogy and state. Our analyses introduce the following conclusions: (1) the unusual and unexpected
penetration of excess ﬂuid pressures in the shallow zone is plausible mainly due to the casing leak in the shallow reservoir. This
result is further conﬁrmed by the second observation that indeed
the casing is damaged at shallow depth (∼700 m). (2) The diminished seismicity in the deep open zone is plausibly associated by
ﬂuid loss (wellhead pressure drop) as a result of the shallow leak.
(3) An upward-migrating ﬂuid pressure pulse is incapable of inducing seismicity in the shallow reservoir (above ∼1000 m), but may
partially contribute to the occurrence of seismicity near the top
of casing shoe (∼1800 m). (4) The observation of missing seismic events between ∼1800 m and ∼2500 m during the stimulation
plausibly results from slight velocity strengthening properties in
the reservoir and in particular on local preexisting fractures. Aseismic events may still occur in this intermediate zone, in the form of
slow sliding slip or creep events, but may be below the threshold
observed by the seismic monitoring.
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