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Abstract

Probable effects of geothermal devélopmeht 6n.8eismicity af The Geysers
are'shown by the spatial cohereﬁce of decreaseé in gfavity and-pfessure with
maximum gebdetic deformatioélénd seismic ﬁémenﬁ sum aiong a line throﬁgh the
most developédﬁérea of thé geothermal field. Increases in the mean number of
events per day and in the magnitpde of largest annual event correlate with
inereasés'in steam production. The two largest earthquakes.in the steam field

oceurred near the two iﬁjection wells most distant from production wells, and

large events (Mc 22.5) occurred most frequently during months of peak

injection{, Spatial seismic clustérs in prbximity to injeetiqq:wellsAhave
voeeurred soonvafter‘injection began. Prgliminéry daté also indicaég an
increase in seismicity in a preﬁiousiy aseismic area near blant 15 following
the beginning‘of power producﬁion at that plant in 1979.

Introduction

" The Geyseré is currently the site of tﬁe largest geothermal power develop-
menﬁ in thé world (more than 8001megawatts) and the 6nly one in the United
Staﬁeé. Locatéd{in California 130 km.north of San Erancisco in Lake and
Sonoma Counties, the steam reSerVoir.consists of a massive fractured -
graywacke. The graywacke, pért of»the Franciscén assemblage, is capped by
impermeable ultramafic and métaﬁorphic récks also of the franciscan.
StrUcturaliy,{the'presently producing steam field lies on the north-east limb
of a south-east plunging antiform (McLaughlin, 1977). Immediately to phe

north of The Geysefs
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are the Clear LakeAVolcanics, the most recent of the Coast Range Volecanies,
with eruptions dating from less than 2.05 million years to less than .03
million years (Hearn,‘Donnelly and Goff, 1976). | '

The period of volcanic activity at The Geysers is briefest in duration as
well as youngest of the Coast Range Volcanics. This brevity, a lack of
extensive ash flows, and an absence of coilapse calderas may indicate that the
present volcanic quiescence is only a hiatus (Hearn, Donnelly gnd Goff,

1976)5

The heat source for The Geysers is believed to be a magma body at a depth

”

of about 6-30 km. This hypothesis is supported by several lines of

gedphysical evidence. Abéut 15 km northeast of the producing steam field a , ' -
residual gravity low of approximately 30 mgal with a diameter of about 20 km

is centered over Mount Hannah. A second smaller, gravity low of -20 mgal lies

over the steam production field (Isherwood, 1976). These gravity lows

. (figure 1) are unassociated with long wavelength magnetic anomalies from deep

sources, and have been modeled as a shallow magma body with temperature above
the Curie point and density lower than the surroundingnfock (Isherwood, 1976)
which maf extend beneath the steam production field at The Geysers (Iyer,
Oppenheimer, and Hitchcock, 1979). Teleseismic P-waves recorded at stations
in the Clear Lake volcanic field showvdelays of up to 1.5 sec. which cannot be
accounted for By velocity.anomalies.shallower than 3 km and suggest extreme
variation in properties of underlying materials (Iyer, Oppenheimer and
Hitchcock, 1979). These teleseismic delays are consistent with a partially
molten, low-velocity body of size and depth comparable to that suggested by

gravity data (figure 1).. Additionally; all seismic events at The Geysers with
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Figure 1. Seismicity ai*The Geysers and in the Surrougding region
5/75 - 5/79. Seismic activity in boxed areas 'Outside The Geysers' and
The Geysers was anaiyzed statistically. BOuger'resiéual gravity ahomaly
is shown as a dotted line, the -10 mgal.contour shown surrounds both the
' -30'mgal anomalY‘céntered on Mt. Hannéh (north of The Geysers) and the;
sﬁaller gravity low over the steam production field. Teleseismic P-wave
delays are represented by the 0.u>second contour for a teleseism arriviﬁg

“from the southwest, shown as a solid line.
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well-constrained depths are shallower than 5 km (Marks et al., 1977). This
suggests that below 5 km the rock may respond to strain in a plastic manner,
again consistent with a molten or partiﬁllj molten body at depth.

Earthquake epicenteré nofth of San Francisco in a zone showing The
Geysers, Clear Lake, and Lake Berryessa are shown in figure 1. The seismic
activity is comprised of the cluster of events at The Geysers, a small cluste§

at the southeast end of Clear Lake, and alignments of hypqeenters along the

Maacama fault to the west and an unnamed fault (intermediate between the Green

Valley and Collayomi faults) to the east, both trending northeast to

southwest. Ten km south of The Geysers a swarm of events occurred in

SeDteﬁber 1977 at Alexander Valley. Ukiah; northeast of The Geysers, was the -
scene of a mainshock-aftershock sequence (largest event Mc = 4.4) in March

1978.

Objectives

The objectives of our study of The Geysers are:

1. Presentation of hypocentral maps and cross-sections showing the spat;al
relation.of‘earthquake activity to production and injection wells.

2. Detailed monitoring of present level of microearthquake activity in the
vicihity of power plants 12, 13, 14, and 15. |

3. Statistical examination of seismicity fluctuations at The Geysers and hd
comﬁarison with rates of steam withdrawal.

4. Estimation of spétial>and temporai variation in principal stress
orientation from fauit plane solutions for selected events in The Geysers-

Clear Lake region.
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5. Updated estimates of’rate of local deformation from cumulative seismic
.moment to determine whether integrated effects of continued seismicity
ipose a long-term threat to installations at The Geysers

6. Comparative spectral studies to determine whether source dimension,

moment, and stress drop of earthquakes in the production,area areloutside
the range of those for "natural“ earthquakes of equivalent magnitude in

the surrounding region.

Geothermal Development

ot et e e b, TS o b T g ey kS 5§00

Geothermal development at The Geysers consists of‘turhines turned by steam

pressure. Steam is prov1ded by wells ranging in depth from 0. 16 to 2 90 ‘km.
Each turbine is referred to by number and two turbines may be 1ocated in the
same building. Allusions to "power plant 1 & 2," etc., mean that turb:mes 1
and 2 sharega building. Power plant locations and corresponding zones from
which steam is produced are'shownnin figure 2; Zones serving units 1-12 and
14 are based on information from Union 0il Company, while zones near plants 13i
and 15 are based:on'oroduction well positions.

Power plant shutdowns are generally due to either scheduled maintainence
or operating difficulties. Because of the lower operating costs relative to
fOssil—fuel:plants, power'production cutbacks are minimized unless an
unusually abundant”source'of hydroelectric power is available, as in the

spring~of51978. Attempts‘to_correlate'bower-plant shutdowns and seismic

‘activity haue yielded inconclusive results. When a power plantlis down, steam

‘can be rerouted to other plants,fso'that‘a plant shutdown and steam production
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Figure 2. The Gey5efs. corresponding to the box in figure 1. Locations
of power plants;,iéhreseﬁted as stars; currently producing or under
construction. Zones of steam production for the plants are oﬁtlined.
Water injection wells are indicaﬁed, labeled, and shown projected onto a
vertical plane which is oriented easf-uest (see also table 1). U.S.G.S.
seismic stations presently in operation are shown. .Line A-A' refers to

profiles in figure 8.
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Table 1 : o : : :
‘ Events of M, >1.1 5/75=-11/78
Log My = 16.7 + 1.3 Mg -
A. POWER PLANTS
Date of o - Events/Year Moment sum/Year
commercial . ' per km2 . per. km2
-Number operation Megawatts = L My 21.1 _b-value X 10'° dyne-em
1. 09/25/60 12.5 36 1.22 40.00
2 03/19/63 13.8
3 04/28/67 - 27.5 - 15 1.26 11.39
4 03/02/68 27.5 '
5 12/715/71 55 25 1.39 16.10
6 12/15/71 55 : 55
T 08/18/72 ’ 55 o 25 1.05 24.72
8 11/23/72 _ -: 55 .
9 10/25/73 . 55 ‘ -4 1.24 2.73
10 11/30/73 55 ‘ : '
11 . 11/20/75 110 St 1 1.04 4,28
12 - 03/01/79 . 110 ' 12 1.33 9.96
13 05/15/80 - 140 0 - -
14 08/--/80% 110 1 1.14 .71
15 06/17/79 - 55 0 - -
¥planned
B. INJECTION WELLS
Name Begin date End date depth km ,
SB1 o4/10/69 - .90 .12 1.24 6.15
TH12 08/23/70 intermittant 72 ' 8 .96 11.28
TH8 05/03/71 " 1.70 35 1.08 56.38
_ LF3 09/11/73 2.4y . ‘ 5 .55 53.84
DX8 .- 10/703/74 2.45 ' 5o 1.12 -4y, 34
0510 12/03/74 . 2.59 . T 1.32 2.89
DX7 12/22/75 . 1.89 , 3 .62 25.95
- HJ9 1M1/11/78 1.86 " o
. GDC-53-13 ~ 03/30/79 . 1.30
LF23 - 04/08/79 3.02
- 2.66




in that part of the field are not necessarily related.

Geothermal activity at The Geysers consists of steam fumaroles rather than
true geysers. The existence of steam.sugsests that'watef inflow is
restricted. Annual fluid recharge of the‘reservéir has been estimﬁted at
close to zero (Nur et al., 1978). 1In én attempt to slow depletion of the
reservoir, cooling towers condense as much steam as possible, and condenéate
is introduced into the steam producing formation by injection wells.

Developmenf currently entails removal of more than 6.5 x 106 kg of mass
per hour (Reed, 1976), and approximately 1/3 of this mass is condensed and.
reinjected at a few ﬁells. Injectidn wellsArange_in depth from 0.90 to 3.02
km éhd are shown in map vieﬁ and cross section in figure 2. Tablé 1 gives thé -
years injection began, numbers of evénts éer square lkm per year, b values, and
seismic moment sum.per-square km per year for square areas (.75 km x .75 km)
around injection wells. Since most of the injection wells are surrounded by
older productionAwells, separationAof effects due to steam.withdrawal and
condensate injection is difficult. Two injection wells, DX-7 and LF-3, lie
outside steam production zones, providing aﬁ opportunity to isolate seismicity
associated with fluid injection. The twd largest earthquakes at The Geysers,
Ribhter magnitudes 3.8 (Decf 22, 1976) and 3.5 (Sept. 22, 1977), occurred in
proximity to wells LF-3 and DX-7 respeétively. Few smaller events occurred

near these injection wells.

Variation in Hypocenters with Time . *

‘The most striking feature of seismic activity at The Geysers is the spatial

S e Bt e o,
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~ consistency of the seismic cluster through time, as seen_in'figure-3. Figure

2 has been reproduced on'e transparency (in pocket of’back‘couer) so that it
me.y be overlaid on vfigure's 3 and' 6. Prior to Mayv of 1975, hypo-centr'al :
locations were poorly constrained (figure 34) ouing to the lack of local ,
stations. In May of 1975, stations GBO, GCM, GGP, and GSM were added to the
USGS Central Califonnia Seismographic Network (see figure 2), considerably |
improving location threshold and hypocentersf Station'GDX,'whioh lies in the
approximate center of the western eluster (and the production area), was

installed in November of 1977. Thus, the last five time periods (figures

. 3G-3K) have better depth control'than the preceding five (figures 3B-3F). An
- additional station, GCR, was installed in May 1979 at Castle Rock Springs, to

the east of the orlginal steam production zone, near power plant 13.

Data represented in f‘igures 3 smce May 1975 are preliminary California
Network hypocentral locations with P-wave RMS travel time re51duals less than

0.30 sec and A and B quality solutions. Prior to 1975 all hypocentral v

slocations are plotted. Magnitudes M ¢ computed by the USGS Callfornla

Network are based on-an empirical relatlon between coda length (signal
duration) and.Richter magnitude, M for‘central California earthquakes (Lee
et al., 1972). This nelation-eppears to be applicable to earthquakes at The
Geysers in the magnitude 1 toA3 fangemzﬁeppin and Bufe, l980);

East-west cross sectional views of‘data'fnom ten sixemonth tine periods
(figures 3B-3K) since May 1975 olearly show'two seperate-clusters which
roughly coincide w1th two independent regions of decreased steam pressure
resulting from production (Lipman et al., 1978).. The two clusters and the

gap which separates.them, areuvisible'injeaCh of the time periods. The lack

i

1 e e A g 0o R — - SR i e e a1 2P S R S, Sy 1A A g 31 SR e o A o
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Figure 3. Detailed seismic activity at The Geysers as a function of time.
Seismicity in each time period is shown in map view and projected onto a
vertical, east-west striking plane. Also shown is the 500 psia isobar
cohtour indicating the poéition of the pressube sink.

() January 1972 - April 1975 |
Data collected before installation of nearby stations.

Contours of the 500 psia isobar in 1972 and 1975 are shown.

(B - K) six month time periods; May 1975 - April 1979.
(B) May 1975 - Oct. 1975 showing 500 psia isobar contour from

1975

(C) Nov. 1975 - April 1976 - . n
(D) May 1976 - Oct. 1976 "

(E) Nov. 1976 - April 1977 showing 500 psia isobar contour from

1977

(F) May 1977 - Oct. 1977 ~ n
(G) Nov. 1977 - April 1978 on
(H) May 1978 - Oct. 1978 . "

(I) Nov. 1978 - April 1979 . n
(J) May 1979 - Oct. 1979 "

(K) Nov. 1979 - April 1980 . "

e g ot o e+
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of evénts and separation of the two areas of pressure decrease may be due to

unfractured and impermeable rock separating two more fractured, permeable rock

bodies where events occur. Essentially all of the formation permeability is
through the fractures. Although the graywacke with 1% intrin;ic porosity
(Denlinger, 1979) is almost impermeable, having helium and air permeabilities
less than 1 md, as a whole the reservoir has a porosity of 3-7% due to
fractures (Lipman etAal., 1978). No production or injection wells extend into
the aseismic zone, again suggesting an impermeable barrier. -

-Power production at Plant 15 began in June of 1979. A few earthquakes had -
been located in the area near Plant 15 (see.figure 2) prior to that time, |
including a temporal cluster of five events in November, 1977. Figure 3J
shows a very tight spatial cluster.about half a kilometer north of injection
well PEC A-6. These.evénts‘aré tightly grouped in space, having a mean depth
of 1.7 km with a standard.deviation of 6.15 km, but are not clustered in
time. Activity began on Juné 26, within two weeks of the beginning of power
production. Earthqdake recurrence time varied from several daysvﬁo several
weeks. Thelspatial cluster is less prominent in the next six-month period
(figure 3K), but more events were located in the area surrounding Plant 15
(figure 2) fhap had been in any of the previous beriods. .

Alsb prominent in figure 3K are two dense spatial clusters immediately
southeast of two_injection_weils at which injection began in November 1978
(HJ-9) and March 1979 (GDC 53-13). The rates and history of injection are
unknown. Like the events near PEC A-6 in figure 3-J, these spatial clusters
are composed of single events occqrring days'or weeks apart. These eventg have

mean depths of 1.7 km (HJ-9) and 1.6 km (GDC 53-13) with standard deviations
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of 0.6 and 0;5, respectively; ' These injection wells are located near .
;producﬁion wells in the most seismically active part of the steam field. For
The Geysers as a whole, the mean depth is‘2.2 km with a standard deviation of
. 0.8 km. No unusual aetivit& has been noted near well LF-23 which also began
injection in 1979. ’

Several other features of the séismicity deserve mention. Events in the
western part of thé field are generally shallower than in the center, with
most of the events occurring at depths less than 2 km. North of The Geysers
intermittent activity has occurred, (figure 3) with the largest cluster of
events occurring in 1975 at Rabbit Valley, 5 km north of The Geysers.
Hypocentral locations at The Geysers wiﬁh improved depth cdntrol; since
installation of station GDX in November 1977, éonfirm the absence of seismic
activity deeper than 5 km. (Hamilton and Muffler, 1972, Marks et al., 1977,
and'Majer aﬁd McEvilly, 1979). Events located by the USGS California network
with Mc >1.2 (completeness levél since May 1975) have a mean daily occurrence
rate of 0.73 with a étandard deviation of 1.01 (May 1975-Dec 1978);

Majer and McEvilly (1979) operated a portable network of 12 stations at
The Geysers September éo-zu, 1976 and a éingle station for tén days in 1977. | R
They estimated.that twenty-five to thirty events of 0 < ML-E_Z.(where ML is
equivalent to locai Richter magnitude) occur daily at The Geysers. Forty
events located by Majef and McEviily in Septémber 1976 are plotted in figure U
for comparison @o USGS_&ata. Our data coptradict their reported-lack of
events in the older steam-producing arealéerving Units 1 & 2, and indicate
that the older area is as seismicélly active as other parts of the steam

production area. A lack of foci between 2 and 3 km of depth, reported by
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GEYSERS: MAJER AND McEVILLY'S DATA
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[ Figure U.

i

‘The Geysers (shown boxed in figure 1)
Forty events in 1976 at The Geysers located

by Majer and McEvilly (1979).
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Majer and McEviily (1979), is less prominant in the USGS data. Figure 5 shows
number of events, b values, and cumulative seismic moments as functions of
focal depth. Data used for figure 5 were preliminary California Network
solutions for évents of M, > 1.1 from 11/77 to 12/78, wifh RMS P-wave
travel-time residuals less than 0.30 sec, A and B quality solutions, and
distance to thé nearest station less than 4 km. Less activity occurred in the
2.0-2.5 km depth range than in the 1.5-2.0 or 2.5-3.0 km ranges. When only
events of Mc > 1.5 are plotted, the depth distribution is no longer bimodal.
Moreover, the moment sum in figure 5 shows no decrease between 2.0 and 2.5
km. This indicates that é depth gap may exist for smaller events.
Alternatively, Majer and McEvilly's gap could be due to normal fluctuations in
activity since the time period (5 days) during which they recorded events was
brief. Brevity of recording period pould also explain the apparent lack of
seismicity near Units 1 & 2 in their data. Their model consisted of two
layers over a half-space, with velocities of U4, 5, and 6 km/sec and layer
thickneéé of 1 and 5 km respectively. The model used by the U.S.G.S.
California network is a 4 km/sec layer with variable thickness over a 5.9 km
layer which extends to 15 km depth.

An improved model for The Geysers was obtained by utilizing the inversion
program "HYPOINV" of W. Gawthrop (unpublished manuscript). This program

solves for a linear increase of velocity with depth over a constant velocity

half space. Values obtained for The Geysers region are: V°= surface velocity'

of 4.32 km/sec., velocity increases at 0.21 km/sec per km down to 4.88 km,
below which the velocity is 5.73 km/sec. Relocated events of M > 2.5 from May
. prd

1975 - 1978 are shown in figure 6 with fault plane solutions for some events.
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RMS travel-time residuals from the improved'velocity'model Wwere an average of

0.08 seconds smallér than residuals from the California Network model. Table
2 lists times, epicentral locations, depths, magnitudes and RMS P-wafre travel
time residuals of events shown in figure 6. The California Netﬁork coda
length~magnitude relation was used. Sixty percent of all events of MEE_Z.B
occur in Octbber, November, December, and January; with thirty percent in
December. With the exception of December 1977, there has been a large event
in December of each year since 1972. The largest number of M, >2.5

earthquakes in a single month occurred in December 1976 (3 events).

Fault Plane Solutions

Fault plane solutions for some of the earthquakes, M, >2.5, indicate
Strike-élip, normal, and thrust faulting, although strike-slip,mechanisms
predominate. Maximum horizontal compressién, obtained from solutions for
strike-slip events with faﬁlt planés dipping less than 30 degrees, is N. 26
degrees E. , withrminimUm'horizontal compression N. 68 degrees W. The ‘
standard deviation is 19 degrees. Analysis of focal mechanisms of e;rthquakes
at The Geysefs, along the Maacama fault to the sﬁﬁth, and in phe Clear Lake
Volcanics to the north (Marks et al, ﬁ978) showsvthat horizontal principal
stress orientations at The Geysers are the same as those in the surrounding
region. The mecﬁanisms of these eértﬁquakes (figure 6) do not show an& clear
spatial pattern. Evenﬁs showing thrust, strike slip, and normal faulting
mechaﬁisms.may be found within a few hundred meters. This suggests that the

stress field is extremely heterogeneous. Amplitudes of horizontal stresses

ey e g e——
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Figure 6. Map view showing locations of events of Mc > 2.5 at The Geysers.

Lower ﬁemisphere fault plane solutions for selected events are shown.

Dark areas represent compression.  Dates, locations, depths, and P-wave

RMS residuals are given in table 2.
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' Table 2
DATE/TIME LOCATION
B lat. long.

3 yr/mo/day/hr/min/sec  deg. min. deg. min.
j 1) 751004 1903 24.11 - . 38N 47.92 122 48.33
2) 751004 1903 41.75 38 H47.87 122 48.31
3) 751214 2235 54.57 38 MG 122 WT.8H
4) 760118 1925 59.26 38 148.30 122 147.89
5) 760306 1351 08.33 "38 u48.00 122 Uu8.03
6) 760415 0908 39.25 38 47.01 122 48.07
. 7) 760512 1418 09.58 38 48.81 122 148.02

8) 760806 2217 54.79 38 U47.97 122 45.
9) 761217 2136 25.57 38 48.26 122 47.19
10) 761222 0042 18.79 - 3B 49.43 122 147.28
11) 761223 0123 53.69 38 47.82 122 48.46
12) 770210 1918 51.65 . 38 48.05 122 148.20

13) 770724 2138 29.69 38 48.37 122 48.00
14) 770922 2048 42.94 38 48.15 122 - U5.
15) 771002 1951 53.59 38 148.50 122 U7.86.

16) 771128 2236 26.09 38 u48.10 122 48.24
E "*17);']§911u 0232vu8.37. 38 u8.22 122 148.89
% 18) 780114 1545 45.33 38 48.31 122 47.86
19) 780715 15T 2.06 38 18.13 122 47.25
é 20) 781209 1602 27.h7i 38 148.30 122 U47.66
) 0301 26.68;‘ 38 48.79 122 H4T.AT

DEPTH MAG
Kn  Me
4.0 2.8
3.8 2.6
0.0 2.6
1.2 2.7
2.2 2.7
2.6 2.7
4.0 2.5
3.8 2.6
1.8 2
2.2 3.1
3.7 3.0
2.7 2.7
1.4 2.6
2.7 3.2
2.1 2
1.7 2.5
2.0 2.5
2.0 2.7
1.7 2.7
1.3 3.0
3.8 2.7

RMS
P-wave

3ec.

6.13
0.05
0.06
0.04

0.06

£ 0.06

1 0.06

0.07

©0.06

" 0.06

0.07

.0.06

. 0.06
0.04

0.08

© 0.06

0.05

29
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~ may vary with time and focal depth (Bufe et al., in press). Events below 2 km
at The Geysers have shown temporal swings from strike-slip to normal

faulting. This behavior appears to éorrelate with temporal changes in the
regional NE-SW compressive stress, making The Geysers a "stress bar&meter“ for

the region (Bufe et al., in press).

Stress Drogs

In theopy it is possible to determine the reduction in stress or "stress
drop" ( A ¢ ) which occurs during an earthquake from its shear wave moment .
and corner fréquency (Brﬁne, 1970,‘1471). AThis theory has been extended to
| P-wave spectra by Hanks and Wyss (1972). Peppin and Bufe (1980) found stress
drops ranging from 1 to 10 bars for earthquakes in the magnitude 1 to 3 range
at The Geysers and surrounding reigon. On December 9, 1978 ét 1602 UT an
~ event of coda magnitude 3.12 (Mg = 3.4) occurred near the center of the steém
field; one of the largest earthquakes recorded at The Geysers to date. This
strike-slip evenﬁ (number 20 in figure 6) had a depth of 1.3 km, and an
epicenter located about 2.9 km from a three component digital event recorder
which provided daﬁa for spectra;ggnalysis. The following information was

obtained from spectral analysis:

Component Seismic Moment Corner Source Slip Stress Drop
’ Frequency radius
Hz m cm bars
fo r
P 8 x 1022 dyne-cm . 20. , 85. 1.8 57.
S-H 8 x 10 , dyne-cm 1.5 670. 2.8 12.
S-Vv 2 x 10° 5.1 56.

dyne-cm i, - 270.
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The slip and stress drop estimates are fairly consistent, given the large

variation in moment and source radius. While the exact relation between .

stress drop and total shear stress is not known, the above data indicate shearl

stresses in the steam field can exceed 50 bars.

Moments

iHHSeismicbmoment My is the prrduct of elastic modulus, average fault
dispigéément, and féult‘area. Moments have been determined by spectral’
analysié for several earthquakes at The Geysers using P and S data from
3-component digital event recorderé and P data from vertical component
telemetered stations. ﬁost of the‘moment data are from the.University oé
Nevada array of event reéorders deployed at Alexander Valley, 10 km south of
the The Geysers, in late November énd early December, 1977, (Peppin and Bufe,
1980). The resulting P,ahd S moment data are plotted in figure T as a
function of the coda magnitude (M) determined By the central California
network. = Peppin and Bufe (1980) ﬁave shown that Mé.and-ML do not

systematically differ in the magnitude range 1.0 to 2.5 at The GeYsers. The

-magnitude-moment relation for P is well determined ét log Mo = 1.3 M, +

16.7. The relation between M  and S moment is less well determined. The

locally ( A = 2 Km) determined Shear moments for Geysers earthquakes are

: systemétically higher than those determined from'the recorders at Alexander

Valley ( A = 10 Km). The data of'Peppin and Bufe (1980) also show that
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'garthquakes near the recorders at Alexander Valley appear to have larger

moments than the more distant earthquakes at The Geysers. A moment sum using
the S wave'moment-magnitqde relationship (log Mo = 1.5 Mc + 16.5) obtained

for events at The Geysers of M. 5 1.1 from May, 1975 to April, 1980 yielded a

‘moment rate of 6.3 x 102t1dyne-cm/year.

Alternatively, the S-wave moment:ﬁégnitude relation may be used in
combination with the log N = a-bM, neiation (where N is the number of
events per year), and a stress-drop-moment relation given by Brune (1970,
1971) to estimate moment rate. Using data from May, 1975 to April, 1980 the
relation

log N = 3.9 - 1.2 Me o 3 (1)
was obtained. Shear moment at The Geysers is given empirically by
log My = 1.5 M, + 16.5 = (@
Thus, equations (1) .and (2) become
log N'= 17.1 - 0.8 log M (3
Therefore;
' N=1017-1 4 i -0.8
(e]

the moment sum per year is then:

R maxMob maxMy o o maxM,
/’N dMO;= ]'1017,1 X MO-O.B dMo =5 x 1017.1 Mo 0.2
o  Jo. )
.

where MaxM | i3 the maximum moment.

Bl rmtibesbost oot
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In order to compare this estimate to the observed moment sum, only events

of Mc 21.1 may be considered. Using the magnitude-moment relation, an event

of Me = 1.1 has a shear wave moment of 1.4 x 1018 dyne-cm. Therefore, the

lower limit of integration is 1.4 x 1018 dyne-cm.

Next, an upper limit of integration, represeﬁtiﬂg the homent of é maximum
seismic event (MaxM ) pyst be defined. Since seismic moment, My , is
defined as upu A; where M is the shear modulus, A is the area of the fault,
and u is the‘avérage displacement over the fault; an estimate of maxM  can
be calculated for a rupture tearing completely through the producing reservoir
and existing seismic area. Fiést, féult area is maximized by assuming a fault
the length of the seismic area‘(6 km) which’extends to the maximum depth of
seismie activity (4 km). This is equivalent in area to a circular zone of
radius 2.76 km. Maximum momentimay'now be:estimated by assuming that the
stress drop (A o )is the same as that ébséfved for the Dec. 9, 1978 event and
using the relation

T " (Brune, 1971)

rearranging terms;

My =-%? r3 Ao
If (A o)=5 x 107 dyne/em (as on Dec. 9, 1978)
and let r=2.T6 km where r is the radius of a circular fault

A s e e g A A e e LA R T -
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»% surface.
!  Then the maximum moment (maxﬂo) is 2.4 x 10?u'dyhe—cm; and the calculated
4 moment rate is equal to:
~ - Mz 2.y x 102
| 5 x 1017.1 Mgﬁz'. = 4.5 x 1022 dyne-cm/year

' Mo = 1.4 x 1018

This estimate is a factor of seven higher than the observed moment rate of
6.3‘x 10é1 dyne—cm/year’because'the upper limit of the integraﬁiohf
- : represents a maximum event (M, ='5.3) which was absent from §ur data set.
; The observed moment rate was computed froﬁ_only five years wobth of data;‘
while estimated recurrence times for large events are much longer (360 years
fwan@%t“Md:&ylTMMm&,ﬂmemewmuuwmmmtmw
provides for the occurrance'of events larger than any Yet~observed, it ma& be

closer to the actual value of the seismic moment rate.

. Seismic Deformation
" The estimates of an average fault displacement in the December 9, 1978

p}ane,-one might expect the displacement to be significantly greater near the

] ‘ center of the slipped area. Thus,,displacements on the order. of 10 cm may

earthquake range from about 2 to 5 cm. Since these are averages over the fault
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have occurred. One might expect that this much shearing would have produced

noticable changes in steam flow in nearby wells, but no post-earthquake
production difficulties or changes were reported by Union Geothermal.

Using the observed yearly moment rate of 6.3 x 10 dyne-cm year,
recalling that average slip = u = M/ AW, assuming a value of ¥ of 2.0 x
10" dyne/em  and using 24 km? as the area;

;u = .131 cm/year. |

This is an order of magnitude less than the surface def‘onﬁation rates, 3
cm/yr 'of‘ _subsidence and 2 em/yr of horizontal convergence, observed across the
reservoir (Lofgfen, in press). Thus, it appears that much of the geodetic
deformation occurs aseismically. Large scale inelastic; deformation reflected
in the geodetic data may concentrate stress in the more competent parts of the
field, as suggested by the occasional local occurrence of relatively large
seismic displacements like that estimated for the Dec. 9, 1978 earthquake.

Alternatively, observed geodetic changes may be due to stress accumulation.

Geodetic, Gravity and Reservoir Pressure Changes and Seismic Moment

Studies of the producing area of The Geysers steam field indicate geodetic
changes (Lofgren, 1978) on the order of centimeters per year,’ and gravity
changes (Isherwood, 1978) on the order of teﬁths of a milligal per year.
Reservoir pressure studies (Lipman et al., 1978) indicate the existance of two

independent pressure sinks, areas_of decreased shut-in steam well pressure.

A i TR g g
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The larger sink has existed since at least 1966 and the smaller since 1975.

The pressure sinks have expanded outward as production increased as indicated

by contours in figure 3. By April 1977 the pressure decrease ﬁas 200-250 psia
(pounds per square inch absolute pressure) in the larger, older sink owing to
the production for units 1-8 and i1, and 0-50 psia in the smaller sink owing
to the production for units 9 and 10. The 500 psia contours of spring 1977.
are shown in figures 3E-3K. .
Data from a strip 0.8 km on either side of line A-A;J;s shown in figure 2
(38049,22' latitude, 122051.44' longitude to 38046.30' latitude
122 43.39' longitude) were used to generate profiles in figure 8 of:
1). Gravity changes T7/T4-2/77 (written communication, W. Isherwood)
‘2). (Geodetic chanées 1973-1977 (Lofgren, 1978)
3). Cumulative Seismic Moment 5/75'-<9/78
4). Reservoir Pressure 1977 (Lipman, et al., 1978)
Cﬁrves depicting gravity and elevation changes were smooﬁhed by averaging
adjacent values. This operation was carried»out twice. Moment values were
calculated for‘twenty-four subzones along A-A' using the relation:

log Mo = 1.3 M + 16.7

coda length magnitude.
Values for reservoir pressure and changes in elevation and gravity are

coherent., The largest changes in elevation, gravity and\pressure coincide

with the peak of the seismic moment sum in the most heavily exploited area of

the steam field.

Where the profiles cross the eastern (smaller) pressure sink a flattening

of the eléﬁation curve and a second minimum in the smoothed gravity curve are
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visible. A sizable earthquake cluster occurs near ﬁhé eastern pressure sink.
Most of the larger events lie near an injection well (LF-3) north of the A-A'

area, accounting for the relatively low seismic moment in the profile.

Temporal Variations in Seismicity'

In order to determine whether seismic activity at fhe Geysers shows
characteristics similar to regional seismicity, spatial and temporal.
variatiohé of seismicity in the two boxed areas shown in Figure 1 were
compared by statistical analysis. |

Data from the'U.S. Geological Survey California Network with magnitudes
higher than 1.2 were analyzed for The Geysers (38951, 122°52;501, 38°
52.50', 122°42,50')(figures 2-U4 and 6) and for the larger area which
complet;i§ ;drrounds it calied 'Outside The Geysers' (38033.75',
123002.50'; 39°03.75', 122032.50') shown in figure 1. The data set

selected is complete at magnitude 1.2 for the time period analyzed, May, 1975

" through December, 1978. Mean number of events per day (x) and variance to

mean ratio were computed for discrete samples of two months time for both

regions. The variance, 02

, was calculated by counting; in each 2 month
samplé, the number of days With zero events, with 1 event, with 2 events,

ete.; and applying the standard equation:

02 = zg‘=0 (jf§)2 P(i) - where P(J) is the
probability of j events occurring in one day. This probability is given by

the frequency of occurrence."Resuits, presented with steam production in
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kilograms/hour at The Geysers, are shown in figure 9. Since the area 'Outside

The Geysers' is eleven times as large as The Geysers, the difference in the
rates of activity in the two areas is even greater than suggested by figure
9. In fact, the rate of activity at The Geysers is'approximately 35 times
higher than in the surrounding region.

Clustering of events in time may be characterized by the ratio of variance
to mean. The Poisson distribution is a stochastic model frequently used to
describe seismic activity which consists of random unrelated events. It has a
variance to mean ratio of unity. However, swarm activity and
mainshock-aftefshock sequences are not Poisson processes, since the events are
related. A non-random distribution due to events in swarms or
mainshock-aftershock sequences will produce a variance to mean ratio exceeding
unity. The ratio is dimensionless and independent of area. Figure 9 shows
that in the area 'Outside The Geysers', increases in the mean are accompanied
by increases in the variance/mean. This indicates that bursts of activity
show clustering in time like mainshock-aftershock or swarm sequence. This
pattern is not apparent at The Geysers; Although some variance/mean peaks
correspond to the regional pattefn, the mean number of events/day frequently
show negative correlations with the variance by mean ratio, indicating that
increases in activity are not generally related to mainshock-aftershock or
swarm sequences.

As noted, the rate of activity at The Geysers is much higher than in the
surrouhding area. Moreover,Aa six-month periodic oscillation modulates the
mean number of events/day, with maxima in January-February and

August-September. This semi-annual cycle may coincide with seasonal
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The area 'Outside The Geysers' is 11 times

41

Geysers! (shoun in figure 1).

Area affects the mean but not the A

as large as the area of The Geysers.

Steam flow used for energy production at The Geysers is

variance/mean.

shown in kg/hour.
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variations in water table levels. The possible existence of other causes for
the semi-annual'cyéle needs further investigation. The January-February and
Awwb&ﬂm%rmnmcmuﬁtﬁthpakwwﬁm%ofwmmof%1&5
which is in December, as mentioned earlier.

A striking feature of the mean in The Geysers region is the marked
increase of seismicity from May-June 1975, when the seismic data set improves,
to July-August 1976, when a maximum of 1.18 events of M.> 1.2 per day is
reached. After July-August 1976, the mean shows a decrease until at least
Decembeﬁ 1978 when the data set ends. Again referring to figure 9, an
increase in steam production occurred in May 1975 when power plant 11 began
operation at a capacity of 110_Megawatts. This has been the only opportunity .
thus far to monitor seismic activity contempéréneously with major new
production of steam: further-opportunities are currently presented by
production for plants 12 and 15, which went oﬁ line in 1979, and plant 13
which began operating in 1980. Plant 14 is scheduled to begin operation in
August 1980 (table 1).

A less detailed history of steam production is shown in figure 10, which
only shows increases associated with starting dates for &arious power plants.
Also plotted is the largest event located at The Geysers per year for 19f2
through 1978. Wood Anderson magnitudes determinéd by the Berkeley
seismographic station were used. USGS locations were used since Berkeley
locaﬁions are not well enough constrained to definitively locate events at The
Geysers. The USGS located no events at The Geysers prior to 1972. The

largest annual event shows a progressively increasing value from 1972-1977

from M = 3.1 to M, = 3.8 which correlates with increases in steam

production. A plateau in the level of steam production after May, 1975

precedes a decrease of maximum yearly magnitude in 1978 to M o= 3.4,
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Conclusions

Ly

Geothermal development at The Geysers predates the extension of the

U.5.G.S. seismic network into the area in 1975. Since 1975 two persistent

spatial seismic clusters have been located at The Geysers. The selsmic

clusters coincide with the most heavily exploited area of the steam field.

.this part of the geothermal field steam is produced from a highly fractured

graywacke. The fractures, which permit the passage of geothermal fluids

through otherwise impermeable rock, also weaken the graywacke. Less stress

may be required to trigger seismic events than would be in more competent

rock. It is likely that exploitation of the steam field contributes

substantially to seismicity in the area by altering effective stress in the

fractured rock body.

Characteristic fractures which made geothermal

development possible may also contribute to the seismicity.

Probable effects of development on Geysers seismicity are shown by the

spatial coherence of gravity, pressure, and geodetic changes with seismic

moment sums (figure 8); the increase in the mean number of events/day

In

following initiation of steam production for plant 11 in 1975 (figure 9), and

the increase in maximum annual Wood-Anderson magnitudes 1972-1977 (figure

10). The increase in maximum magnitude corresponds to increasing steam

§ production, and the decrease in maximum annual magnitude occurred after steam

D Rt = LT
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production had been constant for about three years.
The occurrence of the two largest seismic events between 5/75 and 12/78

near the two injection wells most distant from production wells suggests a

N e s st ey e
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link betﬁeen fluid injection and larger events. It is also notable that peak'
months for occurrence of 1afge events‘(October through January) differ from
the January-February and July-August biannual maxima seen in the mean
numbers/day for all events °f’Mc 21.2 (figure 9). September to December is
the annual period of greatest increase in mean sky cover (sunrise to sunset)
and normal monthly total precipitation iﬁ northern California (Climatic atlas
of the United States, 1968). These factors have a direct effect on the amount
of fluid which may be condensed and injected. A rapid increase in amount of
injected fluid could, through.increésed pore pressure and localized cooling,
cause changes in effective stress contributing to seismicity. Comparison of
spectral analyses of events occurring near injection wells with events -
elsewhere might distinguish natural from induced events.

Steam production frdm previously undeveloped and aseismic areas began in
1979 and 1980 (plants 13 and 15). Preliminary data‘suggest an increase in
seismicity near plant 15 shortly after the plant went on-line in 1979.

Ongoing seismic studiés should further determine the effect of production on
seismicity, and could provide a means of ‘distinguishing natural from induced

events.
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