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Abstract—The results of a previous study on source mecha-

nisms of small earthquakes at the Geysers geothermal reservoir in

northern California are used to investigate an extended crack model

for seismic events. The seismic events are characterized by their

first-degree moment tensors and interpreted in terms of a model

that is a combination of a shear crack and wing cracks. Solutions to

both forward and inverse problems are obtained that can be used

with either dynamic or static moment tensors. The model contains

failure criteria, explains isotropic parts that are commonly observed

in induced earthquakes, and produces estimates of crack dimen-

sions and maximum amount of slip. Effects of fluid pressure are

easily incorporated into the model as an effective stress. The model

is applied to static moment tensors of 20 earthquakes that occurred

during a controlled injection project in the northwest Geysers. For

earthquakes in the moment magnitude range of 0.9–2.8, the model

predicts shear crack radii in the range of 10–150 m, wing crack

lengths in the range of 2–25 m, and maximum slips in the range of

0.3–1.1 cm. Only limited results are obtained for the time-depen-

dence of the earthquake process, but the model is consistent with

corner frequencies of the isotropic part of the moment tensor being

greater than the deviatoric part and waveforms of direct p waves

that become more emergent for larger events.

Key words: Geysers geothermal reservoir, induced earth-

quakes, earthquake source model.

1. Introduction

There are a broad range of human activities that

are known to induce earthquakes, including filling of

reservoirs, removal of fluids from wells, injection of

fluids into wells, and excavation of mines. Added to

this list in recent years is production of geothermal

energy, hydraulic fracturing, and storage of carbon

dioxide. Of the various types of induced earthquakes,

those associated with enhanced geothermal systems

offer one of the best opportunities to study the cause

of induced earthquakes, primarily because of the large

amounts of scientific data that are available for these

systems. A good example is the Geysers geothermal

reservoir in northern California, where induced

earthquakes have been studied since the 1970s.

A special opportunity to study earthquakes

induced by an enhanced geothermal system occurred

recently when a demonstration project began at the

Geysers (RUTQVIST et al. 2010; GARCIA et al. 2012).

The project is located in an undeveloped part of the

northwest Geysers geothermal reservoir, where water

was injected into well Prati 32 (P32) starting on

October 6, 2011. The injection takes place in a con-

trolled manner and earthquakes that occur before and

during injection are monitored by a dense network of

seismographic stations that surround the well. In an

attempt to take advantage of this opportunity, JOHN-

SON (2014) calculated source mechanisms for some of

the induced earthquakes that occurred during this

project.

The study of JOHNSON (2014) characterizes earth-

quakes in terms of their first-degree moment tensors,

which is a general and fairly complete mathematical

representation of a seismic source. Having obtained

the moment tensors, the next step is to interpret them

in terms of physical processes acting at the earth-

quake source. In the present study, properties of the

moment tensors are used to construct a model of the

source process for induced earthquakes in enhanced

geothermal systems.

In the following section, the demonstration pro-

ject at the Geysers and the moment tensor results are

briefly reviewed. This is followed by a section that

describes the source model, a section that interprets

the moment tensors in terms of the source model, and

a section with further discussion and conclusions.

The more mathematical aspects of the source model

are contained in two appendices.
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2. Moment Tensor Results

A fairly complete discussion of the background of

geophysical studies at the Geysers, the demonstration

project, the method used in estimating moment ten-

sors, and the moment tensor results can be found in

JOHNSON (2014) and the references contained therein.

The only earthquakes considered in that and this

study are those with epicenters located within a

1.5 km square area centered on well P32.

Before the beginning of injection into P32, the

rate of seismicity in the study area that surrounds it

was low with an average of less than one earthquake

per day. Figure 1 shows the rate of seismicity for 70

days after injection began. On October 6, 2011 (time

0 in Fig. 1), injection into P32 began with an initial

rate of 1,100–1,200 gallons per minute (gpm) for

12 h that was then reduced to 400 gpm. This rate was

maintained for 54 days until November 30, 2011,

when it was raised to 1,000 gpm. Figure 1 shows a

clear increase in seismicity when the rate of injection

is increased. The seismicity rate can exceed 30

earthquakes per day.

From over 2,000 earthquakes that occurred in the

study area around P32 in the 300 days before and

after injection began, 20 events were selected for

moment tensor inversion and these are listed in

chronological order in Table 1. The first five events

occurred before injection began. Events 6 through 12

occurred during the time interval shown in Fig. 1 and

their origin times are denoted at the top of the figure.

In JOHNSON (2014), first-degree dynamic moment

tensors are estimated for the 20 events listed in

Table 1. Estimating dynamic moment tensors at the

Geysers is challenging, primarily because of the

complicated shallow crust and the limited response of

the seismic instrumentation at low frequencies.

However, methods have been developed to handle
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Figure 1
Number of earthquakes per day with Mw C 0 and epicenters in the special study area around P32. Time is measured in days from the

beginning of injection on October 6, 2011. The dashed line (right hand scale) is the injection rate of water into P32. The symbols at the top

denote origin times of events for which moment tensors were estimated
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these problems with careful attention given to

uncertainty in the results. The spectral modulus of the

dynamic moment rate tensor is reliably recovered in

the frequency range 1–100 Hz, but uncertainty in the

spectral phase limits its use to a few simple results.

The static moment tensor and its uncertainty are

estimated from the low-frequency levels of the

spectral modulus of the dynamic moment rate tensor.

These static moment tensors are used to construct the

focal mechanisms shown in Fig. 2 for all of the

events listed in Table 1 along with their locations

relative to P32. It is also possible to estimate the

scalar moment mo, isotropic part of the static moment

tensor ~miso; average corner frequency of the devia-

toric dynamic moment rate function f
0
cd; and corner

frequency of the isotropic part of the dynamic

moment rate function fci. All of this information is

listed in Table 2 along with estimated values of

uncertainty as expressed by standard deviations.

The results listed in Tables 1 and 2 and displayed

in Figs. 1 and 2 summarize some of the results

obtained by JOHNSON (2014) for earthquakes associ-

ated with the demonstration project at well P32.

These results support a number of conclusions, many

of which are consistent with other studies of earth-

quakes at the Geysers. Injection of water into well

P32 clearly causes an increase in seismicity in the

vicinity of the well (Fig. 1). The earthquakes exhibit

a range of source mechanisms, with spatially related

groups of events having very similar mechanisms,

but, at the same time, some near-by events have

completely different mechanisms (Fig. 2). Most of

the events have an isotropic part, with this part well-

resolved for about half of the events and marginally

resolved for the rest (Table 2; Fig. 2). The isotropic

part is predominantly positive and can be as large as

47 % of the scalar moment, but three of the 20 events

have smaller, less well-resolved negative isotropic

parts (Table 2; Fig. 2). Corner frequencies of the

isotropic part of the moment tensor are about 40 %

larger than the average for the deviatoric moment

tensor (Table 2).

3. Extended Crack Model

A variety of evidence suggests that induced

earthquakes associated with enhanced geothermal

Table 1

Origin times, hypocenters, and magnitudes of events selected for moment tensor inversion

Event no. Year Month Day h m s Latitude

�N

Longitude

�E

Depth (m) Mw

1 2011 3 8 21 22 23.28 38.837970 -122.837750 2,194 1.78

2 2011 4 25 8 31 2.08 38.842730 -122.832750 2,276 1.53

3 2011 5 3 14 2 31.84 38.837880 -122.835340 2,399 1.73

4 2011 7 12 22 8 32.20 38.834890 -122.838560 2,551 1.04

5 2011 8 3 23 45 46.66 38.836550 -122.838220 2,601 1.56

6 2011 10 7 2 5 25.92 38.838370 -122.838520 2,728 0.93

7 2011 10 7 11 48 51.32 38.837980 -122.839990 1,999 1.82

8 2011 10 10 7 9 3.18 38.838600 -122.839870 2,745 1.45

9 2011 10 26 13 55 34.03 38.843080 -122.841790 2,120 2.30

10 2011 11 14 6 30 51.17 38.840660 -122.840990 2,850 1.74

11 2011 11 30 3 34 48.11 38.839690 -122.839340 2,560 1.66

12 2011 12 9 13 41 48.06 38.835170 -122.841280 2,417 2.45

13 2011 12 28 6 25 38.90 38.838290 -122.839870 2,909 2.40

14 2012 1 6 20 55 39.88 38.839580 -122.837520 2,700 2.75

15 2012 1 29 15 11 49.28 38.842200 -122.837460 2,020 1.42

16 2012 2 29 17 30 54.31 38.842780 -122.840770 2,831 2.12

17 2012 3 9 19 29 8.59 38.841460 -122.837850 2,574 2.17

18 2012 4 21 9 38 16.26 38.838810 -122.840060 2,821 1.50

19 2012 5 31 5 31 23.90 38.840180 -122.838060 2,940 2.82

20 2012 6 28 12 49 5.56 38.840180 -122.837300 2,535 2.14

Depths of hypocenters are measured from sea level. The magnitude Mw is obtained from the Euclidean norm of the scalar moment tensor
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systems such as the Geysers are different from typical

tectonic earthquakes associated with plate bound-

aries. One type of evidence is that the hypocenters of

induced earthquakes generally do not define a

through-going fault as in the case of ordinary tectonic

earthquakes. Rather, the hypocenters of induced

earthquakes often form a cloud of seismicity sur-

rounding the region of fluid injection. This is partly

evident in the clustering of events around P32 in

Fig. 2 and has been documented in numerous studies

(BUFE et al. 1981; LUDWIN et al. 1982; EBERHART-

PHILLIPS and OPPENHEIMER 1984; OPPENHEIMER 1986;

STARK 1992; ROMERO et al. 1994; MAJER and PETER-

SON 2007). Another type of evidence is the commonly

found isotropic part of the static moment tensor of

induced earthquakes as described in Fig. 2, Table 2,

and other studies (KIRKPATRICK et al. 1996; ROSS et al.

1996, 1999; GUILHEM et al. 2014). The presence of an

isotropic part in a moment tensor implies a change in

volume in the source region, and a positive volume

change in a compressive environment is not easily

explained.

These types of evidence prompt the consideration

of a source model for induced earthquakes that is

different from the conventional source models that

have been developed for tectonic earthquakes. The

Geysers geothermal reservoir is highly fractured with

the orientation of the fractures generally random

(THOMPSON and GUNDERSON 1992; BEALL and BOX

1992), and seismic activity within the reservoir does

not appear to be associated with any of the regional

fault systems (EBERHART-PHILLIPS and OPPENHEIMER

1984). So, rather than a through-going fault, consider

a volume filled with small, finite cracks. When this

volume is subjected to stress, there is a tendency for

some of the cracks to slip and extend their length.

   -0.7    -0.6    -0.5    -0.4    -0.3    -0.2    -0.1     0.0     0.1     0.2     0.3     0.4     0.5     0.6     0.7
   -0.7

   -0.6

   -0.5

   -0.4

   -0.3

   -0.2

   -0.1

    0.0

    0.1

    0.2

    0.3

    0.4

    0.5

    0.6

    0.7

X (km)

Y
 (

km
)

N       

S       
EW

P32     

  1     

  2     

  3     

  4     

  5     

  6     
  7     

  8     

  9     

 10     

 11     

 12     

 13     

 14     

 15     

 16     

 17     

 18     

 19     
 20     

Figure 2
Map showing epicenters of events in Table 1 with attached equal area stereographic projections for static moment tensors. The solid line is the

surface projection of well P32 with the label at the well head
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However, for rocks in compression it is found that the

cracks do not extend themselves in their own plane

(SCHOLZ 1990). Instead, the cracks extend by devel-

oping wing cracks that grow in directions parallel to

the most compressive stress. These wing cracks

actually fail in tension and are wedged open by the

displacement on the original shear crack, which

predicts that the moment tensor of such a source will

have a positive isotropic part. An important property

of this model is that it is possible to have failure in

tension and an increase in volume in an environment

where all of the principal stresses are compressive.

The basic properties of this extended crack model

for induced earthquakes are illustrated in Fig. 3.

Following the continuum mechanics convention, the

stress sij is defined to be positive in tension. The

principal values of the stress tensor at any point are

denoted as

s1� s2� s3: ð1Þ

The circular crack in Fig. 3 has a radius rc and a

normal that makes an angle h with the direction of the

most compressive principal stress s3. The normal

stress on the crack is (JAGER and COOK 1971)

sn ¼
s3 þ s1

2
þ s3 � s1

2
cosð2hÞ; ð2Þ

and the shear stress is

ss ¼ �
s3 � s1

2
sinð2hÞ: ð3Þ

Letting c be the coefficient of friction, the excess

shear stress on the crack is denoted by

s�s ¼ jssj þ csn: ð4Þ

The maximum slip d is defined to be the discontinuity

in displacement across the shear crack at its center.

The wing cracks are assumed to extend parallel to the

direction of the maximum compressive stress s3 and

have a length ‘. The ratio L = ‘/rc is convenient in

expressing the results.

A quantitative description of the failure process of

the crack in Fig. 3 is developed in Appendix A. There

it is shown that, given the physical properties of the

crack and the state of stress, it is possible to calculate

Table 2

Information obtained from dynamic moment tensors

Event

no.

mo

(GNm)

sd[mo]

(GNm)

~miso

(GNm)

sd½ ~miso�
(GNm)

f
0
cd

(Hz)

sd½f 0cd�
(Hz)

fci

(Hz)

1 467.1 48.9 52.8 40.0 18.1 7.7 23.3

2 199.9 27.0 -15.9 21.6 15.9 1.5 25.2

3 388.4 33.9 60.5 29.4 15.9 4.4 24.1

4 36.8 3.9 10.9 3.9 15.8 1.5 18.4

5 218.2 27.8 37.0 23.0 9.3 2.4 15.5

6 24.8 2.9 4.3 2.6 11.1 1.5 21.2

7 541.4 60.4 253.3 50.9 9.8 1.6 16.1

8 148.1 13.0 28.0 13.4 11.4 1.7 16.7

9 2,805.6 217.9 -276.6 209.2 9.8 1.6 16.1

10 412.8 57.0 -75.1 51.0 15.5 2.2 18.7

11 312.8 29.7 71.6 28.6 15.9 2.8 23.4

12 4,779.5 482.6 805.1 426.4 7.8 0.9 13.3

13 3,985.7 426.8 710.2 411.4 7.6 1.4 9.0

14 13,154.3 1,507.5 2,065.8 1,516.1 9.5 1.4 13.5

15 133.1 18.5 -27.4 17.5 16.2 4.3 22.4

16 1,539.4 155.5 312.2 143.1 10.1 1.4 14.2

17 1,776.9 212.2 478.5 199.4 12.9 2.8 17.3

18 175.5 14.4 42.4 13.5 14.5 3.5 14.8

19 16,712.0 2,058.2 1,815.5 1,720.9 8.2 1.7 14.4

20 1,602.1 184.2 300.3 157.7 9.6 1.8 16.9 Figure 3
Sketch of a crack of radius rc that is extended by wing cracks of

length ‘. The maximum and minimum principal compressive

stresses are s3 and s1, respectively, while the intermediate

principle stress s2 lies in the plane of the crack. The slip on the

crack at its edge is shown as dc, but the maximum slip is at the

center where it has a value d
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estimates of the shear dislocation on the crack and the

length of any wing crack that develops. With this

extended crack model, there are two modes of failure.

Failure begins when ss
* [ 0 (Eq. 4) with slip only on

the shear crack and the amount of maximum slip

d given in Eq. 10 with L = 0. This mode of failure

continues until kI = kIc (Eq. 11), where kIc is a crit-

ical stress intensity factor. With a continued increase

in stress, the wing crack begins to open and the

second mode of failure begins. Setting kI = kIc in

Eq. 11 and substituting for d from Eq. 10 results in an

implicit equation that can be solved for L and the

length of the wing crack ‘, and this substituted into

Eq. 10 yields the maximum displacement d. Given

these values of rc, ‘, and d, the moment tensor for this

type of source is also given in Appendix A. Note that

this extended crack model of an earthquake is dif-

ferent from most models of tectonic earthquakes in

that it has slip on two non-parallel planes. Also note

that when wing cracks are present, the moment tensor

has a finite trace, so the source has an isotropic part

and that implies a change in volume in the source

region.

In applying the extended crack model, two addi-

tional pieces of information must be specified. The

first is the critical stress intensity factor kIc. LI (1987)

gives a range of values for rocks in the crust and a

reasonable average is kIc ¼ 0:001 m1=2: Also required

is the angle h between the normal to the crack and the

direction of maximum compressive stress (Fig. 3).

Slip is most likely when this angle has the Coulomb

value h ¼ hc ¼ 1=2 tan�1½�1=c�: For h in the vicin-

ity of hc the results are fairly insensitive to its value,

so this is a reasonable assumption.

The effect of fluid pressure is easily incorporated

into the extended crack model by introducing the

effective stress

ŝij ¼ sij þ pfdij ð5Þ

where pf is fluid pressure. This effective stress is then

substituted into Eqs. 2, 4, and 10.

There is some precedence for the extended crack

model in the seismology literature. A model similar

to that described in Appendix A is developed for

volcanic earthquakes by SHIMIZU et al. (1987), and

JULIAN et al. (1998) discuss the moment tensors of

sources that combine shear and tensile faulting.

However, in neither of these studies is there an

attempt to include failure criteria or derive relation-

ships between the dimensions of the shear and tensile

cracks. In addition, MILLER et al. (1998) summarize

results for several types of earthquakes, including

those in geothermal areas, where the observational

data indicate a source mechanism that is fundamen-

tally different from a simple shear failure.

An example of the application of the extended

crack model is shown in Fig. 4. This simulates con-

ditions at a depth of 2,500 m below sea level at the

Geysers with principal stresses s1 ¼ �50 MPa; s2 ¼
�100 MPa; s3 ¼ �150 MPa; a coefficient of sliding

friction c = 0.6, and a crack with radius rc = 50 m

inclined at an angle h = 60� to the direction of

maximum compressive stress (see Fig. 3). Figure 4

shows how the various parts of the scalar moment

develop as a function of fluid pressure. Slip on the

shear crack begins when the fluid pressure exceeds a

value of 3 MPa and the wing cracks begin to extend

when the fluid pressure exceeds 6 MPa. Continued

increase in the fluid pressure causes continued

increase in the moments of both the shear crack and

wing cracks. Note that the hydrostatic fluid pressure
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A simulation of the scalar moment released by failure of the

extended crack model at a depth of 2,500 m below sea level at the

Geysers as a function of the fluid pressure. The part of the moment

due to the shear crack is shown as the solid line, the part due to the
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at this depth is 31 MPa. Also shown in this figure is

the isotropic part of the scalar moment tensor that is

associated with the opening of the wing cracks.

Consider the situation that is simulated in Fig. 4

and assume a fluid pressure of 15 MPa. A seismic event

will be generated that includes both slip on the shear

crack and opening of wing cracks. The theory given in

Appendix A produces the dynamic moment tensor

shown in Fig. 5. The effects of slip on the shear crack

begins at time t = 0, the effects of the opening of the

wing cracks begins at t = 0.016 s, and the duration of

the entire process is 0.026 s. In the coordinate system

of Fig. 3 two of the elements of the moment rate tensor

are identically zero (see Eq. 13) and the other four

elements all have different time functions.

Given an appropriate Green’s function, the

dynamic moment tensor of Fig. 5 can be used to

simulate seismograms at any location outside the

source region. In Fig. 6 such seismograms are shown

at an epicentral distance of 6 km and azimuth of 30�
with the calculations using a velocity model and

instrument response appropriate for the Geysers

(JOHNSON 2014). The direct p and s waves are the

major phases at this distance and are easily identified

on the seismograms.

In Appendix B, the solution to the inverse problem

for the extended crack model is developed. The

moment tensor m(t) is first decomposed into a shear

crack moment ms(t), a wing crack moment mw(t), and

an unmodeled moment mu(t) that is not consistent with

the model. The shear and wing crack moments are then

used to estimate the radius of the shear crack rc, the

length of the wing crack ‘, and the maximum dis-

placement on the shear crack d. Given the dynamic

moment tensor m(t), all of these estimates are obtained

as functions of time. Given the static moment tensor ~m;

these estimates are independent of time and are inter-

preted as final values of the source process.

As discussed in JOHNSON (2014), the eigenvectors

of the moment tensor determine the T, I, and P axes

that are interpreted as principal directions of dis-

placement in the source region. The angle v derived in

Appendix B can then be used to rotate the T, I, and P

axes into the directions of s1, s2, and s3, respectively

(see Fig. 3). Thus, in principal, the directions of the

principal stresses in the source region can also be

obtained from the moment tensor. However, the angle

v is a function of the unknown angle h (Eq. 20a, b, c)

that in general cannot be accurately estimated from

the moment tensor (MCKENZIE 1969). This result is

consistent with the earlier observation that the results

of the forward problem are relatively insensitive to
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Figure 5
The moment rate tensor for a seismic event that is generated for the

conditions simulated in Fig. 4 in the case where the fluid pressure is

15 MPa. The indices ij of the moment rate tensor _mijðtÞ are listed

on the left and the maximum values in units of GNm/s are listed on

the right
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Time, sec

 R      0.45E+05
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Z      0.72E+05

Figure 6
Simulated seismograms for the moment tensor shown in Fig. 5 at

an epicentral distance of 6 km and azimuth of 30�. The velocity

model and instrument response used in the simulations are for the

Geysers as described in JOHNSON (2014). Time is measured from the

origin time of the event. The directions of motion are radial R

(away), transverse T (clockwise), and vertical Z (up). The numbers

on the right are maximum values in digital counts
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assumed values of h. In addition, there remains a

fundamental ambiguity in choosing the plane of the

shear crack from two possible orthogonal planes.

The extended crack model developed in Appendix

A explains how slip on a shear crack causes the

opening of wing cracks and this leads to a moment

tensor with a positive isotropic part in a compressive

environment. While this explanation is valid for the

majority of the 20 events listed in Table 1, four of

these events contain negative isotropic parts. In

principle, there seems to be no reason why the

extended crack model cannot be operated in a reverse

direction whereby pre-existing wing cracks close,

shear cracks slip in the reverse direction, and the

source has a negative isotropic part. All of the

equations of Appendix A are still valid for this

reversed model, with the exception of Eq. 11, that is

used to determine the length of the wing cracks.

Thus, while the physics is not entirely justified, in this

study, the extended crack model is also used to

interpret moment tensors with negative isotropic

parts. The interpretation outlined in Appendix B is

performed for ms(t) and mw(t) either positive or

negative, with positive values indicating opening of

the wing cracks with a positive isotropic part, and

negative values indicating closing of the wing cracks

with a negative isotropic part.

While running the extended crack model in a

reverse direction in order to explain the events with

negative isotropic parts may be possible in a mathe-

matical sense, it ignores some physical considerations

that need further study. If fluids are present, questions

about the type of fluid, whether the medium is in a

drained or undrained state, and the rate at which

fluids can be moved in or out of the cracks are all

important. There is also a question about what failure

criteria should be used in this case. Finally, note that

if failure begins with the closure of the wing cracks,

then the time sequence of the shear and wing crack

sources shown in Fig. 5 needs to be reversed.

It is important to keep in mind that the long term

deformation of the Geysers geothermal field is pri-

marily volumetric contraction, and this would suggest

that seismic events with negative isotropic parts

should dominate. A discussion of this deformation

and the references that describe it can be found in

JOHNSON (2014). What complicates an attempt to

relate deformation to seismicity is the fact that the

measured deformation is a trend observed over a

20 year period in a large, producing part of the field,

while the seismicity of this study is for a period of

\1 year in a small, non-producing part of the field.

4. Application of the Extended Crack Model

The model developed in Appendix A and

Appendix B is appropriate for the first-degree

dynamic moment tensor and has the potential to

provide a detailed description of the time-depen-

dence of the source failure process. Unfortunately,

in JOHNSON (2014) there is considerable uncertainty

in the spectral phase of the dynamic moment ten-

sors and so the time domain versions of these

moment tensors are judged to be of questionable

reliability. The complete dynamic interpretation

outlined in Appendix B was performed for a few of

the events listed in Table 1 with mixed results. In

some cases, the time history of source quantities

shows the behavior expected for a process that

starts with the failure of a shear crack and grows

into the extension of wing cracks, but in other

cases it is difficult to give a meaningful physical

interpretation of the results. The general conclusion,

similar to that of JOHNSON (2014), is that the

uncertainty in the dynamic moment tensors pre-

vents a detailed time domain description of the

source processes. However, all of the results of

Appendix B can be applied to static moment ten-

sors merely by ignoring the time dependence of the

expressions.

In JOHNSON (2014), static moment tensors are

obtained for all of the events listed in Table 1 by

estimating the mean values of the spectral modulus of

the dynamic moment tensor in the frequency interval

between 1 Hz and the corner frequency fc. Using the

equations of Appendix B, these static moment tensors

are decomposed into shear crack moment, wing crack

moment, unmodeled moment, shear crack radius,

wing crack length, and maximum displacement. All

of these results are listed in Table 3. The fraction of

the scalar moment that is not explained by the

extended crack model mu has a maximum of 30 %

and an average value of 17 %. The average
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uncertainty in the scalar moments, as measured by the

ratio of the standard deviation of the scalar moment

to its value in Table 2, is 11 %, so much of the

unmodeled part of the scalar moment is possibly

related to its uncertainty.

The dimensions of the shear and wing cracks

listed in Table 3 are plotted versus the scalar moment

in Fig. 7. The shear cracks radii are larger than the

wing crack lengths and linear regression gives a

reasonable fit with the equation

log10½rc� ¼ ð0:44� 0:05Þ þ ð0:40� 0:02Þlog10½mo�:
ð6Þ

The wing crack lengths have more scatter and a

regression equation

log10½‘� ¼ ð�0:12� 0:09Þ þ ð0:37� 0:03Þlog10½mo�:
ð7Þ

In Fig. 7, the point with the largest departure from the

regression line for both the shear crack radius and

wing crack length corresponds to event 7 of Table 2

that has the largest relative isotropic fraction.

The maximum slip on the shear crack is listed in

Table 3 and plotted versus the scalar moment in

Fig. 8. Linear regression of these data yields

log10½d� ¼ ð�2:780� 0:009Þ
þ ð0:196� 0:003Þlog10½mo�

where d has units of m.

Table 3

Estimated parameters of the extended crack model

Event no. ms (%) mw (%) mu (%) rc (m) ‘ (m) d (cm)

1 70 20 -10 33.5 5.6 0.53

2 -71 -11 -18 27.6 3.2 -0.47

3 68 26 6 31.0 6.2 0.52

4 41 32 27 11.3 3.4 0.34

5 67 30 3 23.8 5.2 0.46

6 60 23 17 10.6 2.2 0.31

7 20 56 24 22.3 15.1 0.60

8 54 22 24 22.0 4.6 0.44

9 -83 -16 -1 76.6 10.5 -0.79

10 -57 -18 -25 36.9 6.6 -0.56

11 55 36 9 25.9 7.1 0.50

12 64 27 9 84.2 17.6 0.87

13 57 23 20 81.6 16.6 0.85

14 71 29 0 124.2 25.6 1.05

15 -55 -19 -26 23.5 4.5 -0.45

16 54 25 21 54.2 12.2 0.70

17 43 27 30 56.6 15.0 0.74

18 50 33 17 21.0 5.7 0.45

19 61 14 25 151.9 22.7 1.12

20 60 29 11 53.3 12.1 0.70

The scalar moments ms, mw, and mu are given as the signed per-

centages of the sum of their absolute values
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Figure 7
The radius of the shear crack rc (asterisks and dashed line) and the

length of the wing crack ‘ (open circles and solid line) as a function

of the scalar moment mo on a log–log scale. The lines are fit to the

data by linear regression
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Figure 8
The maximum slip on the shear crack d as a function of the scalar

moment mo on a log–log scale. The dashed line is fit to the data by

linear regression
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In JOHNSON (2014), it is pointed out that, for the 20

events listed in Tables 1 and 2, there are significant

differences between the corner frequency of the iso-

tropic part of the dynamic moment rate tensor fci and

the average corner frequency of the deviatoric

dynamic moment rate tensor f
0
cd: The results are listed

in Table 2, with a more complete discussion along

with plots and linear regression analysis found in

JOHNSON (2014). A basic result is that the average

ratio of these two corner frequencies is

fci

f
0
cd

¼ ð1:46� 0:23Þ: ð9Þ

A possible explanation of this result is contained in

the extended crack model. In the simulation of Fig. 5,

the duration of the motion on the shear crack is

0.026 s (see element 31 in Fig. 5) while the duration

of motion on the wing cracks is only 0.010 s (see

element 22 in Fig. 5), and this suggests a higher

corner frequency for the wing crack part of the source

process. Because the isotropic part of the source

process is only associated with motion on the wing

cracks, and motion on the shear crack is only asso-

ciated with the deviatoric part, a value of fci greater

than f
0
cd is implied.

In the process of analyzing the seismic events

listed in Table 1 it becomes apparent that the wave-

form of the direct p wave tends to become more

emergent as the scalar moment of the event becomes

larger. This is not a problem in the analysis of the

direct p wave as the arrival time of the phase can

always be identified by magnifying the trace ampli-

tude, but it can increase the difficulty of identifying

the arrival time of the direct s wave. Figure 9 is an

attempt to illustrate this phenomenon by displaying

the direct p wave portion of seismograms recorded at

Geysers seismographic station AL4 for all 20 events

listed in Table 1. This the closest station to all 20

events with epicentral distances ranging between 0.08

and 0.74 km and azimuths ranging between 33� and

350�E of N. The depths of the 20 events vary

somewhat (see Table 1), so small time shifts have

been included in the seismograms of Fig. 9 in order

to align the first motions, and the polarity of some of

the seismograms have been changed so that the

direction of first motion is always downward. There

is considerable variation in the waveforms that may

be related to differences in radiation patterns. How-

ever, there is a clear tendency for the p waveform to

develop a more gradual beginning as the first trough

and first peak move to later times when the size of the

event increases. This is particularly clear in the events

with scalar moment greater than 2,500 GNm (bottom

five traces of Fig. 9) and even more pronounced in

events with scalar moments [10,000 GNm (bottom

two traces of Fig. 9).

Figure 9 also presents an opportunity to compare

waveforms of events having negative isotropic parts

(index numbers 15, 2, 10, and 9) with those having

positive isotropic parts. There appears to be no con-

sistent differences in the waveforms of the direct p

waves that can be associated with the sign of the

isotropic part of the moment tensor. This supplies

some limited support for the procedure of using the

results of Appendix B to estimate crack parameters

for events having both positive and negative isotropic

parts.

A simulation of the observed data of Fig. 9 is

shown in Fig. 10. For each of the 20 events a moment

tensor similar to that of Fig. 5 is constructed using the

estimated model parameters of Table 3 and the

   0.95    1.00    1.05    1.10    1.15    1.20

Time, sec
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Figure 9
Plot of the seismograms observed on the vertical component at

station AL4 for the 20 events listed in Table 1. The traces are

arranged in order of increasing scalar moment from top to bottom

with the index number from Table 1 listed on the left and a

negative index number indicating that the polarity of the seismo-

gram has been changed. The number on the right is the maximum

amplitude in digital counts for the section of the seismogram that is

displayed
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equations of Appendix A. Then the velocity model

and instrument response appropriate for the Geysers

(JOHNSON 2014) are used to calculate synthetic seis-

mograms at a distance of 0.40 km and azimuth of

120� (mean values for the data of Fig. 9). In these

simulations the rupture velocities (Eqs. 15a–15d) are

vrs = 0.9 vs and vrw = 0.5 vs where vs is the shear

velocity at the source depth. First note that there is a

gradual increase in the duration of the waveforms as

the scalar moment increases. This is caused by the

corresponding increase in rc and ‘ shown in Fig. 7

that enters the calculations through Eqs. 15c and 15d

and is consistent with the dependence of corner fre-

quency upon scalar moment shown in Fig. 14 of

JOHNSON (2014). Next, note that for scalar moments

\500 GNm (top 11 traces of Fig. 10), the waveforms

generated by the shear crack and wing crack arrive

close enough in time so that what appears to be a

single phase is generated in the frequency band of the

recording instrument. Trace number 12 of Fig. 10

(corresponding to event 7 of Table 3) is different

from all of the other events in that it is the only one

with the wing crack part of the moment greater than

the shear crack part, and so the contribution from the

wing crack dominates the waveform. For scalar

moments greater than 1,000 GNm (bottom 8 traces of

Fig. 10), the contributions from the shear crack and

wing crack become more separated in time and can

be identified in the synthetic seismograms. The bot-

tom traces of Fig. 10 show a general similarity to the

bottom traces of Fig. 9 in the sense of having an

emergent negative beginning that is due to slip on the

shear crack followed by a sharper positive pulse

caused by motion on the wing cracks and the end of

the failure process.

A fairly obvious difference between Figs. 9 and

10 is the general appearance of a higher frequency

content in the simulated waveforms. This is to be

expected as the simulations are based on only the

first-degree moment tensor and thus do not contain

any effects of the spatial dimensions of the source

that one would expect to be present in the observa-

tional data in the form of low-pass filtering (SATO and

HIRASAWA 1973). When using a representation of the

source in terms of moment tensors, these effects of

the spatial finiteness of the source can only be

obtained by including higher degree moment tensors

(STUMP and JOHNSON 1982).

5. Discussion and Conclusions

The source model for induced earthquakes

developed in this study is primarily designed to

explain seismological waveform data as characterized

by first-degree moment tensors. Solutions to both the

forward and inverse problem are presented. The for-

mulation of the forward problem starts with the state

of stress, contains failure criteria for slip on a shear

crack and wing crack, solves for the slip on the shear

and wing cracks and the length of the wing crack, and

ends with an expression for the dynamic moment

tensor. The formulation of the inverse problem starts

with an observed first-degree moment tensor and

obtains estimates of the shear crack radius, the wing

crack length, and the maximum slip on the shear

crack. This is only a partial solution to the inverse

problem, as a determination of the directions and

magnitudes of the principal stresses is not attempted.

The extended crack model developed in this

study appears to give a plausible interpretation of the

moment tensors estimated for the Geysers in JOHNSON

(2014). It explains the observation of source mech-

anisms with positive isotropic parts in a compressive

environment. It is consistent with the observation
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10 0.13E+06
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7 0.15E+05
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Figure 10
Simulations of the direct p waves shown in Fig. 9 using the

extended crack parameters listed in Table 3
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that corner frequencies of the isotropic part of the

moment tensor are higher than those of the deviatoric

part. It provides a possible explanation of waveforms

of direct p waves that tend to become more emergent

for the larger events. The physics of the model are

not entirely justified for the case of a negative iso-

tropic part, but reasonable results are obtained

merely by reversing the direction of slip on the shear

crack. Additional applications to observational data

may help to resolve this matter of a negative iso-

tropic part.

The extended crack model has some important

differences with models typically used for tectonic

earthquakes. More than one slip surface is involved,

different elements of the moment tensor have dif-

ferent time functions, and a volume change is

generally present. However, in recent years there

have been a number of studies of off-fault seismicity,

which consists of the small earthquakes that are

invariably found in a zone extending away from

tectonic faults (see for instance POLIAKOV et al. 2002;

RICE et al. 2005; VIESCA et al. 2008; SAMMIS et al.

2009; DIETERICH and SMITH 2009; POWERS and JORDAN

2010). Thus, while the induced earthquakes and

extended crack model of this study may not be

appropriate analogs for ordinary tectonic earth-

quakes, they may be more appropriate analogs for the

off-fault seismicity that accompanies tectonic

earthquakes.

One of the primary motivations for interpreting

seismological data in terms of a source model is that

physical properties of the source are produced that

can be tested through comparisons with other types of

observational data. In this study, these properties are

the radius of the shear crack rc, the length of the wing

cracks ‘, and the maximum slip on the shear crack

d. The estimates of these source parameters listed in

Table 3 seem reasonable, but the model can only be

properly validated by making direct observations of

these parameters or at least showing that their values

are consistent with other types of observational data.

Observed changes in hydrological properties that

accompany earthquakes may be one type of datum

that can be used to test the extended crack model.

Another possibility is a comparison with reservoir

modeling calculations of the type that are discussed

below.

The extended crack model developed in this study

considers a single isolated shear crack with associated

wing cracks. However, when cracks of this type are

sufficiently near to each other, there will be interac-

tions that need to be considered. Interactions of this

type have already been developed by ASHBY and

HALLAM (1986) and ASHBY and SAMMIS (1990), so the

extension to interacting cracks appears to be quite

feasible and an appropriate topic for further study.

A disappointing aspect of this study is the fact that a

complete time domain interpretation of the source

failure process has not been obtained, primarily

because the dynamic moment tensors of JOHNSON

(2014) have too much uncertainty. While useful results

are still recovered from the static moment tensors,

details about how slip develops on the shear and wing

cracks as a function of time are lacking. An improved

velocity model for the shallow crust could possibly be a

means of overcoming this problem at the Geysers. In

addition, applying the methods of this study to data

from other areas of induced earthquakes that have less

complicated and better known velocity structures

could allow a complete time domain interpretation.

The earthquake model considered in this study

starts with the stress field in the vicinity of a pre-

existing crack located in a geothermal reservoir. If this

model is to make a useful contribution to the produc-

tion of geothermal energy, it will be necessary to treat

the more general problem of how this stress field is

generated. Fortunately, considerable progress has been

made in the modeling of coupled hydraulic, thermal,

and mechanical effects that accompany the injection of

water into geothermal reservoirs (RUTQVIST et al. 2010,

2013) and local changes in the stress field are produced

by these calculations. Thus, it should be possible to use

the results of these fairly complete coupled process

calculations to test the feasibility of the extended crack

model. If this feasibility can be demonstrated, then a

variety of further tests and uses of the earthquake

model suggest themselves. One is to compare the

estimated dimensions of the shear and wing cracks

with reservoir models of fracturing. Another is to test

whether the orientation of the wing cracks is indeed

parallel to the calculated direction of maximum prin-

cipal stress. The net result could be an improved

understanding of the physical mechanisms that cause

induced earthquakes in geothermal reservoirs.
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Appendix A: Extended Crack Model

Analytical equations for slip on a crack that is

caused by compressive stresses are derived in ASHBY

and HALLAM (1986). Their results for the three-

dimensional problem contain some approximations,

but the results agree with the numerical calculations

of NEMAT-NASSER and HORII (1982). Their results

form the starting point for the treatment of damage

mechanics by ASHBY and SAMMIS (1990) that has been

shown to be useful in studying the generation of

elastic waves (JOHNSON and SAMMIS 2001).

The basic results needed for the extended crack

model are derived in ASHBY and HALLAM (1986,

Appendix A). The necessary elastic parameters are

the Lame constants k and l and the Poisson ration m.

The maximum slip on the shear crack is

d ¼ 4
ffiffiffiffiffiffi

3p
p

l½1þ m�
rc s�s f1ðLÞ þ

5p
ffiffiffi

3
p

8 cosðhÞ s1f2ðLÞ
� �

ð10Þ

where it is to be understood that the slip is zero when

the right hand of the equation is negative. The stress

intensity factor for the opening of the wing cracks is

kI ¼ ½1þ m� d
ffiffiffiffi

rc
p f3ðLÞ: ð11Þ

The functions of L = ‘ / rc found in these results are

f1ðLÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ð1þ LÞ�2
q

þ ð1þ LÞ sin�1½ð1þ LÞ�1�;
ð12aÞ

f2ðLÞ ¼
L2

1þ L
; ð12bÞ

f3ðLÞ ¼
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cos2ðhÞ þ ðsinðhÞ þ LÞ2
q

� 1þ L sinðhÞ
1þ L

þ 2L cosðhÞ
5
ffiffiffiffiffiffiffiffiffiffiffi

1þ L
p

� �

: ð12cÞ

Note that ASHBY and HALLAM (1986) express their results

in terms of d = d/2, KI = lkI, and w = p /2 - h.

The results of ASHBY and HALLAM (1986) include

equations for the dimensions and displacements of

both the shear crack and wing cracks, and this is suf-

ficient to construct static moment tensors for both

cracks. In addition, if one assumes a kinematic mode of

failure in which slip on the shear crack starts at the

center and propagates outward at a velocity vrs while

slip on the wing crack propagates at a velocity vrw, then

an estimate of the dynamic moment tensor is also

possible. The first-degree moment tensor in the coor-

dinate system of Fig. 3 is

mðtÞ

¼
mwðtÞ þ msðtÞ sinð2hÞ 0 msðtÞ cosð2hÞ

0 k
kþ2l mwðtÞ 0

msðtÞ cosð2hÞ 0 k
kþ2l mwðtÞ � msðtÞ sinð2hÞ

2

6

4

3

7

5

ð13Þ

where

msðtÞ ¼
4

3
lr2

c df1ðLÞssðtÞ; ð14aÞ

mwðtÞ ¼
5p

2
ffiffiffi

3
p

cosðhÞ
ðkþ 2lÞr2

c df2ðLÞswðtÞ; ð14bÞ

ssðtÞ ¼
t3

ðss þ swÞ3
HðtÞ � Hðt � ss � swÞ½ �

þ Hðt � ss � swÞ; ð15aÞ

swðtÞ ¼
t � ss

sw

Hðt � ssÞ � Hðt � ss � swÞ½ �

þ Hðt � ss � swÞ; ð15bÞ

ss ¼
rc

vrs

; ð15cÞ

sw ¼
‘

vrw

: ð15dÞ
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Appendix B: Interpretation of the Moment Tensor

Consider the situation where an estimate of the

moment tensor m(t) has been obtained from an ana-

lysis of waveform data, and the objective is to

interpret this moment tensor in terms of the extended

crack model described in Appendix A. Required

additional information is the ratio of the Lame elastic

parameters l/k, which can be obtained from knowl-

edge of the elastic velocities at the source depth, the

critical stress intensity factor kIc, and the angle h
between the normal to the shear crack and the

direction of maximum compressive stress (see

Fig. 3). An estimate of this latter quantity can be

obtained by assuming the Coulomb failure criterion

tanð2hÞ ¼ � 1

c
: ð16Þ

Given this information, the process starts by noting

that the eigenvalues of the total moment tensor of

Eq. 13 are

K1ðtÞ ¼
kþ l
kþ 2l

mwðtÞ

þ ½ l
kþ 2l

mwðtÞ þ msðtÞ sinð2hÞ�2 þ ½msðtÞ cosð2hÞ�2
� �1=2

;

ð17aÞ

K2ðtÞ ¼
k

kþ 2l
mwðtÞ; ð17bÞ

K3ðtÞ ¼
kþ l
kþ 2l

mwðtÞ

� ½ l
kþ 2l

mwðtÞ þ msðtÞ sinð2hÞ�2 þ ½msðtÞ cosð2hÞ�2
� �1=2

:

ð17cÞ

Given the eigenvalues, it is possible to obtain the

separate contributions of the shear and wing cracks,

for it is clear that mw(t) can be obtained from K2ðtÞ
and then ms(t) can be obtained from the difference

K1ðtÞ � K3ðtÞ: However, a more general interpreta-

tion is to assume that the moment tensor also contains

an unmodeled part mu(t) that is not consistent with

the form given in Eq. 13. An interpretation in that

case is

mwðtÞ ¼
kþ 2l

3kþ 2l
K1ðtÞ þ K2ðtÞ þ K3ðtÞ½ �; ð18aÞ

jmuðtÞj ¼max

�

jK1ðtÞ þK3ðtÞ

�2ðkþ lÞ
kþ 2l

mwðtÞj ; jK2ðtÞ �
k

kþ 2l
mwðtÞj

�

;

ð18bÞ

msðtÞ ¼ �
l
k

K2ðtÞ sinð2hÞ

þ ½K1ðtÞ � K3ðtÞ
2

�2 � ½l
k

K2ðtÞ cosð2hÞ�2
� �1=2

:

ð18cÞ

The next step is to note that

mwðtÞ
msðtÞ

¼ 5p
ffiffiffi

3
p

8 cosðhÞ
kþ 2l

l

� L2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ LÞ2 � 1

q

þ ð1þ LÞ2 sin�1½ð1þ LÞ�1�
:

ð19Þ

This is an implicit equation that can be solved for

L. Using this L and Eq. 11 the radius of the shear

crack is

rcðtÞ ¼
3½1þ m�f3ðLÞmsðtÞ

4lkIcf1ðLÞ

� �2=5

; ð19aÞ

the length of the wing cracks is

‘ðtÞ ¼ LrcðtÞ; ð19bÞ

and the maximum slip on the shear crack is

dðtÞ ¼ kIc

½1þ m�f3ðLÞ
rcðtÞ1=2: ð19cÞ

These equations for the crack parameters are strictly

valid only for t C ss ? sw. In the special case where

mw(t) = 0 the results of Eq. 19a–19c assume that the

stress intensity factor of Eq. 11 is at its critical value

kIc.

In the case where ms(t) = 0 the moment tensor is

not diagonal so the eigenvectors will not coincide

with the axes of the coordinate system assumed in

Eq. 13 (the xi system in Fig. 3). However, one can

solve for the eigenvectors and show that with respect

to the x̂3 axis, the ê3 direction is rotated clockwise

about the x̂2 axis by an angle

vðtÞ ¼ tan�1 Bþ msðtÞ sinð2hÞ � R

msðtÞ cosð2hÞ

� �

ð20aÞ
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where

B ¼ l
kþ 2l

mwðtÞ; ð20bÞ

R ¼ B2 þ 2BmsðtÞ sinð2hÞ þ msðtÞ2
h i1=2

: ð20cÞ

The ê1 direction is rotated with respect to the x̂1 axis

by this same amount.
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