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:iviicroearthquakes: Prospecting Tool and Possible Hazard 
in the Development of Geothermal Resources 

1', L. "VARD * 

GL03485 

\BSTRACT 

Microearthquakes have been observed near many major 
ecothermal areas around the world. Where detailed data are 

1 ;\'ailable. there is a close spatial relationship between micro· 
and; earthquakes anhd geobthermal achtivity. Earthquakels Wbith madg~i. 

tudes greater t an a out 4.5. owever. are rare y 0 serve In 

the l ~wthermal areas. Locaiions of microearthquakes can be used 
. ' (0 locate active faults that may channel hot water toward the 

,:ct It: ,urface. Earthquakes provide some risk in the development of 
, ,,~cothermal regions since during an earthquake the flow of 

'"nd ",' ~hermal fluid can be enhanced or slowed and structures c~n 
" 'fJ1.! be damaged. Modification of reservoir fluid pressure may Ill· 

, " ! iIuence the eal·thquake activity. 
ihe' 

;'Introduction 

1: Earthquakes occur near most major geothermal 
!ill , 

Hreas. Little attention bas been given to these earth-
:Ire quakes. however, becaUSe they are rardy large enough 
'./It'· lJ be located with data from (he standard types of 

5dsmosraphs located th~ouxhout the world. The purpose 
. . (f this upaper is to show ho~ common smali earthquakes 

"rtl-I' . . .1' ... ~ h d ~~r-: 1n major geoIOermc.l areas and to dISCUS!) tea vanta-
''fIt ;:5 and problems of studying these earthquakes to deter­
'illS" min.; the location of potential channels of hOl water to 
;:'(h' reach the surface. Earthquake hazards are also discussed 

, brieflv because these n~ed to be considered not only 
ual; \\'h.ol1' building structures in geothermal areas but when 
ling determining the probable longevity of a geothermal 
! es.' fidel and when determining how geothermal fluids 
"so-:,: shouid be extracted and reinjected. 

, f t is not surprising that earthquakes occur in major 
am:' geothermal areas. « All the thermal areas being de vel­
me!' oped throughout the world are located in regions of 
in! Cenozoic volcanism» (McNITT 1965) and earthquakes 

a re found near the majority of Cenozoic volcanoes (e.g. or,l SACKS ET AL. 1968; EAT.ON and MURATA 1960; MINA­
:IKAMI 1960; MINAKAMI ET AL. 1969; GORYACHEY 1962; 

OR ,iJ\ IATU,\IOTO and W ARb, 1967). Furthermore, earthquakes 
'llil re generated when ~lip takes place along faults and 
Ifaults in many geothermal areas appear to provide zones 
'~of high permeability that allow convection of heat to 
!the surface (e.g. GRINDLE'Y 1966; McNITT 1965; BOD· 
i\'\RS SON 1961). Finally, recent data suggest that the 
irresence of water, which is found in abundance in geo-'iL- ' 
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thermal areas, may have some role in determining where, 
when, and in what time sequence tectonic stress is 
relieved as seismic energy (HUBBERT and RUBEY 1959; 
GRIGGS 1967; HEALY ET AL. 1968; RALEIGH ET AL. 
1971; SCHOLZ 1968; HEALY ET AL. 1970; HEALY and 
PAKISER 1971) • 

Since earthquakes occur on faults, seismically active 
faults at depth beneath a geothermal region can be lo­
cated by accurately locating the earthquakes. The best 
production wells might be drilled near these potentially 
permeable zones. Fault motion during earthquakes. 
however, may increase or decrease the flow of hot water 
from depth and thus could profoundly affect the longev­
ity of a thermal area. Vibration during large earth­
quakes may damage equipment used to exploit geo­
thennal power. The manner in which thermal fluid is 
withdra\vn or reinjected may influence the occurrence 
of earthquakes. Thus, not only geologists and seismo­
logists but reservoir engineers, production engineers. 
and investors have an interest in knowing where earth­
quakes occur in geothermal areas and what are the 
properties of these earthquakes. 

Earthquakes with a magnitude (RICHTER 1958, p. 
338) greater than 4 to 4.5 can generally be located 
with data from the standard types of seismographs 
situated around the world. Such an event occurring 
at a shallow depth might cause minor structural damage 
nearby. Major destructive earthquakes have magnitudes 
as large as 8.7 on this logarithmic scale. Earthquakes 
as small as magnitude -2 can be located with data 
from high-gain seismographs' located within a few kilo­
meters from the earthquake source (e.g. ASAD .. \ 1957; 
OLIVER ET AL. 1966; BRUNE and ALLEN 1967; WARD 
and BJORNSSON 1971). Such events with magnitudes 
generally from -2 to 4 are referred to here as micro­
earthquakes. The main reason for studying these micro­
earthquakes is that for each unit lower in magnitude. 
there are roughly 10 times as many events. Thus, as 
many as one million microearthquakes may occur in a 
region where only one event of magnitude 4 can be 
located during the same period of time. Several micro­
earthquakes may occur each hour or day in a given 
region and data sufficient to locate faults can often be 
collected during a few weeks to a few months. 

Microearthquakes should not be confused with 
microseisms; the former term refers to discrete small 
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earthquakes whereas the latter term refers to the more 
or less continuous background noise recorded on seismo­
meters and generated primarily by atmospheric storms, 
particularly at sea (e.g. RICHTER 1958, p. 375 ff). Other 
seismic waves that differ from microearthquakes and 
microseisms, as commonly defined, are found in geo­
thermal areas. NOGOSHI and MOTOYA (1962, 1963), 
RINEHART (1965, 1968a, 1968b) and, NICHOLLS and 
RINEHART (1967) recorded ground noises generated 
near geyser~andbubbling springs in Hbkkaido, Japan; 
Beowawe, Nevada; Yellowstone, Wyoming; and north­
eastern and southwestern Iceland. CLACY (1968), WARD 
and JACOB (1970), WHITEFORD (1970), GOFORTH ET 
AL. (1971) and IYER (1971) found that ground noise 
levels were higher near geothermal areas than in regions 
just outside of these areas. This noise may be related 
to underground thermal activity, blowing wells, or 
possibly even to amplification of microseisms in layers 
of low rigidity within the geothermal regions. These 
ground noises will not be considered further in this 
paper. 

The emphasis in this paper is on small earthquakes 
in geothermal areas. Three questions will be considered: 
how common are such microearthquakes, how can they 
be used for prospectir!g. and what seismic hazards 
should be considered in the development of geothermal 
resources? 

The major g:::othcrmal areas described in this paper 
are not simply warm or hot springs but are major zones 
of high temperature « characterized by a great number 
of steam hoies. 12rge areas or hot ground, and a very 
high degree of ~ 1crmal metamorphism» (BODV ARS SON 
1961). Total heat output in such areas may be of the 
order of 109 cal/sec and temperatures greater than 
200°C may be foend at depths of a fe,v hundred meters. 

Occurrence of earthquakes in geothermal areas 

ICELAND. Small earthquakes have been felt near 
major geothermal areas in Iceland for centuries (EI­
NARSSON 1967). TRYGGVASON ET AL. (1958) questioned 
whether these small events are of tectonic nature. 

The most detailed studies to date of microearth­
quakes in geothermal areas were carried out in Iceland. 
\VARD ET AL. (1969) and WARD and BJORNSSON (1971) 
showed the following: 

1. ]I..fost microearthquakes recorded throughoul Iceland 
occurred within or very near major geothermal areas. 

2. Geothermal areas that are structurally related to fissure 
systems generally had microearthquake activity whereas those 
areas that have few prominent fissures and seem only related 
to intrusions of silicic magma had little or no microearthquake 
activity. 

3. Epicenters (1) of microearthquakes in two areas where 
detailed locations were possible were confined primarily to 
the region of thermal alteration observed at the surface. The 

(1) An epicenter is the point on the surface of the earth 
directly above the hypocenter. The hypocenter is the point in 
the earth where an earthquake occurs as located with the 
times of the first seismic arrivals at a number of stations. 
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greatest earthquake activity was often near the regions of 
greatest thermal activity observed at the surface (Figure 1)- \VE 

4. Most well-located microearthquakes in Iceland occurred I microeal 
at depths of 2 to 6 km. Some events were as deep as 13 km I tL10th R. 
(Figure 2). . Bridcrepc 
.... 5. Operation of a geothermal well, 0.3 km deep, did not b 

slgmflcantly affect the occurrence of microearthquakes, which EL 
were located generally deeper than 2.0 km. 

6. Earthquakes in geothermal areas in Iceland seem to 
occur primarily in swarm type sequences whereas earthquakes 
elsewhere in Iceland occur primarily as mainshock-aftershock 
sequences. The majority of the seismic energy in a mainshock. 
aftershock sequence is released during the mainshock. In a . 
swarm sequence, however, the seismic energy is released over 
a period of as long as days or months during many shocks. 

7. Earthquakes with magnitudes greater than 4.5 generally 
do not seem to be located within geothermal areas, although 
they may occur only ten or fifteen kilometers away_ 

mkroem 
These e 

UNITED STATES AND MEXICO. BRUNE and ALLEN 
(1967) noted abnormally high microearthquakc activity 
near geothermal areas south of the Salton Sea in south-· 
ern California and concluded that « these earthquakes 
represent the same regional stress system as elsewhere, 
and are not solely the result of localized volcanic or 
thermal activity at depth ». RICHTER ET AL. (1967) and 
ALLEN ET AL. (1968), for example, show several earth­
quakes with magnitudes generally between 3 and 5 
near geothermal areas in the Imperial Valley, california'll 
and one event just to the south near Cerro Prieto, 
Mexico. THATCHER and BRUNE (1971) located four 
swarms of earthquakes since 1962 near ObsidianJ 
Buttes, a geothermal area just suuth of the Salton Sea.j 
LOMNITZ ET AL. (1970), however, in a preliminary studyJ 
of records for two months from five fixed station~ -63°5 
between the Gulf of California and the Salton Sea, did) . 
not locate any earthquakes near the Cerro Prieto gcOj 
thermal field. . J . 

LANGE and WESTPHAL (1969) located nmeteeq 
microearthquakes « on the fault system associated wit!'! 
The Geysers steam zone in Sonoma County, California xl 
and within the area of hydrothermal activity. F&ult~J 
outside of the thermal area produced no measurabki 
seismic activity during the period of observatio~. HAMILl. 
TON and MUFFLER (1972) made a. more detatled stud)i 
of microearthquakes in The Geysers area and foundl 

53 earthquakes in three weeks within 10 km of the the:l 
mal area. « Most of t~e epic~nters lie in a zone about :1 
km long and 1 km Wide passmg through the geotherma'l 
field along a principle fault zone. Focal depths are fron·J 
near smface to about 4 km. A composite fault-planf' 
solution indicates dextral strikeslip faulting on a NNW! 
striking plane.» BOLT ET AL. (1968) give a strikeJ' 
slip mechanism for an earthquake located just south o'~ 
The Geysers. One nodal plane, also striking NNW. ii 
parallel to the faults in the region and to the San Ani 
dreas fault. The motion is also right-lateral and of thJ 
same sense as motion on the San Andreas suggestinJ 

-'" 
c 

®' 

that this earthquake and most of the microearthquake! ---­
of HAMILTON and MUFFLER (1972) are relieving regiol1.IF1G. 1:,-, 
al stress. • (If e hy 
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WESTPHAL and LANGE (1966) observed continuous 
'cTocarthquake activity near hot springs in the Saw­

·.,~h Range, Idflho; Socorro Mountain, New Mexico; 
,idgcport, California; and Dixie Valley, Nevada. 

EI. SALVADOR. WARD and JACOB (1971) located 17 
;icrocarthquakes in the Ahuachapan geothermal area. 

Ih25c events lie on or near a plane of activity that 
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intersects fault breccia mapped in a well (Figure 3). 
The plane is nearly parallel to otl!er faults in the region 
and is interpreted as a fault that allows hot water to 
circulate to the surface in this geothermal area. 

NEW ZEALAND. Studies of microearthquakes in the 
geothermal areas of New Zealand are just being started 
by J. LATTER (Department of Scientific and Industrial 

4/ 

19 region FIG. I. - Locations of earthqllakes in the KrislIvik geothermal area, 25 km south-sollthwest of Reykjavik, Iceland. The numbers 
are hypocentral depths rounded to the nearest kilometer. The earthquakes were located using the tripartite area shown soutiz 
uf Djupavatn. The dashed line shows the horizontal extent of thermal alteration observed at the slIrface_ 
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FIG. 2. - Earthquake hypocenters in KrisLlvik projected onto north sOllth and cast-west vertical cross-sections drawll along 
jll Figure 1. The crustal structure is from PALMASON (1971). . 
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FIG. 3. :-: Earthquake hypocenters projected on a vertical plane 
stnkmg S800E through the Ahuachapan geothermal area. 
70 km west-northlVest of San Salvador, El Salvador. Rec­
tallgles denote approximate precision in location. 

Research). A seismograph has been operated near Waira­
kei, however, for several years. G. A. EIBY (personal 

,communication, 1971) counted ea!'thquakes per month 
the ax. ithin 25 km of the seismograph and with magnitudes 

. generally greater than 2.0. He generously provided the 

data in Table 1. The Wairakei seismometer has a gain 
of only about 300. Over 1000 times the events shown 
in Table 1 would have been recorded on instruments 
similar to those used by WARD and BroRKssoN (1971) 
in Iceland. EIBY (1966) describes several earthquake 
swarms occurring near the geothermal areas in the Wai-
rakei-Rotorua-Taupo region. 

T\BLE I. - Earthquakes per month within 25 kilometers of the 
Wairakei seismograph station (ElBY, personal comlnwlica-
tions, 1971). 

.n ... :-. :» c OIl 0- ;:; > ~ c Ol 0- ~ :l ::l '" '" <> ~ < ::; ::; < <> 0 Z Q - u. 00 

1962 1 3 
1963 2 5 3 2 3 8 I 2 2 0 6 3 
1964 2 8 7 I 7 2 3 13 10 10 966 
1965 II7 11 4 3 8 7 8 9 25 55 33 
1966 10 23 9 24 4 7 6 7 4 7 2 2 
1967 5 1 6 3 3 2 1 12 4 1 1 

1968 7 0 0 2 4 7 4 1 0 2 1 
1969 2 5 2 2 16 5 7 10 7 3 I 

1970 9 0 2 2 7 6 13 13 2 7 16 4 
1971 0 0 3 

NEW GUINEA. FISHER (in discussion after ElBY 
1966) mentions earthquake swarms felt at E'sa-Ala on 
Normandy Island, off Eastern Papua, in the vicinity 
of well-developed geothermal areas and volcanoes. 

JAPAN. OKI ET AL. (1968) and OKI and HIRANO 
(1970) report earthquakes at depths of 0.5 to 5 km 
located primarily in a circle 1.5 km in diameter directly 
beneath a geothermal area on Hakone volcano (80 km 
southwest of Tokyo). KASUGA (1967) found that hot 
springs near Matsushiro had lower outflow and tempera­
ture right after periods of high seismic activity. These 
hot springs are located in the ericentral region of a 
swarm of over a miliion earthquakes that began in 
August· 1965 and lasted for several years (H..\.GIWARA 
and IWATA 1968). 

WEST INDIES. MACGREGOR (1938) and SHEPERD 
ET AL. (1971) noted increases in heat flow at fumaroles 
on Mon~serrat that coincided with increases in earth­
quake activity and ground tilt. 

KENYA. TOBIN ET AL. (1969) observed microeal'th­
quake activity close to geothermal activity near Lake 
Naivasha and Lake Magadi. MOLNAR and AGGARWAL 
(1971) found a few microearthquakes near geotherma! 
areas around Lake Hannington and Lake Naivasha. 

ITALY. No microearthquake studies near these geo­
thermal areas have been reported. MALARODA and RAI­
MONDI (1957) and KARNiK {1969). however, show a 
few small earthquakes (magnitude 4) near Larderello 
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and KARNiK (1969) lists eight events within OS, the 
minimum error in location of most of these events. DE 
PA'\FILIS (1959) reports one earthquake with the zone 
of damage centered about 15 km east· of Larderello. 
Thus, there is a good probability that microearthquakes 
would be recorded near Larderello if studies with sen­
sitive instruments were carried out. 

DisclIssion 

The data given above clearly show that microearth­
quakes occur in many geothermal areas. The regions 
discussed account for over 80% of the total geothermal 
electric power developed, under construction, or planned 
in the world (KOENIG 1971). Where microearthquake 
data are available, the better the data, the closer the 
observed spatial relationship between microearthquakes' 
and geothermal areas. 

Earthquakes with magnitudes greater than about 
4.5, however, seem to be very rare in the crust under 
geothermal areas even though most geothermal areas 
occur near the major seismic belts around the world 
(BARAZANGI and DOR:VIA,\ 1969). One of the largest 
shocks to occur near a geothermal area was the 1940 
Imperial Valley earthquake, an event of magnitude 7.1 
(RICHTER 1958, p. 487). Strike-slip faulting was ob­
served extending mo::t of the distance between the geo­
thermal fields JUSt south of the Salton Sea, California. 
and those near CeFO Prieto, l\kxico. The faulting. 
however, did not '~xtend into these thermal areas. 

The obsen:ations that large numbers of microearth­
quakes arc often fcund \vithin but nor outside of geo­
thermal areas durir;g short periods of field recording 
suggest that Seismic activity within the geothermal areas 
may be a far more continuous process than seismic 
actiyity in most other areas, even though all the seismic 
activity may be along the same fault system and in re­
sponse to the same regional stresses. The area of a fault 
surface that slips during an earthquake may be roughly 
on the order of 200 km~ for an event of magnitude 5, 
1.6 km" for an event of magnitude 3, and 1000 m2 for 
an event of magnitude 0 (WYSS and BRUl\E 1968). If 
deformation within a geothermal area is going on some­
what independently or at a different time sequence than 
deformation nearby, and since dimensions of most major 
geothermal areas are measured in terms of a few kilo­
meters, then it is not surprising that events as large as 
magnitude 5 rarely if ever occur within geothermal 
regions. 

In some regions the apparent difference in modes 
of earthquake activity under the geothermal areas and 
just outside may be easily explained. There is some 
suggestion in Iceland (WARD and BJORNSSON 1971) and 
considerably better evidence in the Imperial Valley 
(LO;\lITZ ET AL. 1970) that many of the major geo­
thermal areas may occur on short segments of spreading 
mid-ocean ridge crests between longer segments of 
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transfonn faults. If this is the case, then the occurrence',n ,he or 
of swarms of earthquakes in the geothermal areas would ,tructl\re 
be consistent with the observations by SYKES (1970): ;ing cxp 
that swarms of large earthquakes occur on mid-ocean" !1\·pocent 
ridge crests and not on transfonn faults and that normal . The 
faulting predominates On ridge crests whereas strike- ::-[<1[ions I 

slip faulting predominates on transform faults. . FT ,.\L. 1 

The few data available seem to support, but by ::--::conds, 
no means prove, the following hypotheses that need to ~md part 
be critically tested: meters al 

. .:cntral st 
1. Microearthquakes occur in most major geothermal areas. d<-'r. In SI 

2. Earthquakes in geothermal areas are primarily relieving c.:-ntral l( 
regional tectonic stress along normal faults in grabens, strike· 
slip faults, etc. In a few yet unobserved cases, the earthquakes 200 mete 
may be centered around an intrusive. ," The 

3. Stress release in geothermal areas is a far more contin'JHEALY (1 
uous process than in most other regions. The crust in these ~ 0 ' 
areas may be weaker than crust nearby because of hydrothermal' ~rr rs as J 

alt~ration of the. rocks, the. high temperature, the effects of m depth I 

fItllds on fracturmg, or pOSSIbly the presence of magma. i·ng withil 
4. Active faulting is one important way of forming and rhe explo 

keeping open permeable channels suitable for circulation of located e' 
geothermal fluids. Active faulting of the chill zone around ' 
magma is a possible mechanism for maintaining the large heat 13 statiO! 
fluxes (BANWELL 1963) observed in geothermal areas. . 

Microearthquakes as a prospecting tool 
give datai 

DEPTH OF EARTHQUAKES how thai 

Where earthquake locations have been determined dthin a i 

acctlrately, few if any microearthquakes occur at depthSf,"data. extrl, 
of less than one or two kiJome~ers (e.g. EATON ET AL. me and 1 
1970a, b; HAMILTON and HEALY 1969; RALEIGH ET AL. • ng into a/ 
1970; WARD and BJORNSSON 1970. Apparently stress~n geother, 
sufficient for an earthquake of magnitude greater thanfnlst oft:.;'li 
o or -1 cannot be accumulated at very shallow depths~uch as g! 
in most regions or there are systemRtic errors in locationihc ~nacc1,. 
that have not yet been detected. Thus, by studying:fI'Ovlcte th 
microearthquakes, it may be gen~rally possible to locatefne posjti~ 
faults only at depths of more than one kilometer. Suchl'r I 

studies, however, provide the simplest method for find.i YPICAL fl 

ing active faults. The surface expression of 6 fault thatJ Smal1 
has a simple geometry at depth may be quite compjex.fe carriec\ 
The location of deep faults that channel hot water tofurchased i 

the surface is clearly of great importance for decidfngptstrumen\ 
how to develop a geothermal field. f geothern 

1s sufficier 
H'hree or ACCURACY OF EARTHQUAKE LOCATIONS f' 
i:ntdelv lo( 

Earthquakes are located by measuring the arrival1 rvtore 
time of the seismic waves at variotls stations and caleu'obtained ti 

tating a location assuming some model for the crustalfecorders I 
structure. The precision of earthquake locations can beboe recorc 
determined by evaluating the errors in reading arriv[ll~r radio tt, 
times, locating the seismographs. etc. The precision. i5~vo kilomi, 
a measure of how well one earthquake is located relattveiise e3rthq 
to another that has been located by the same method. Theod is sevel 
accuracy of earthquake locations, which is a measure of~nly on II 
how closely the calculated location approaches the actllal~e arrival 
location, is primarily affected by local inhomogeneitiesray be hi~ 

I 
f.: 
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-r:l!ctllre. The accuracy can best be determined by loca­
::!1f! explosions detonated as close to the earthquake 
1;\ pocenter as possible. 
, The first arrival times of seismic waves at local 

iK':-! "alions can often be read to a few hundredths (EATON 
, r AL. 1970a) or even thousandths (WARD 1971) of 

hy <conds when accurate clocks or radio time are available 
:; :o'·qd particularly when data from the different seismo­

:ders are transmitted by cable or radio telemetry to a 
, ',c'ntral station and recorded on orre magnetic tape recor­

:.:S. ; . :1'. In sllch cases the precision of epicentral and hypo­
;\:1g , ','.:ntral locations is as good as plus or minus 100 or 
)"' "e· ~oo Ineters. 
i':"CS 

The accuracy may be much poorer. HAMILTON and 
" in- HEALY (1969), when locating a nuclear explosion, found 

.:rrors as large as 700 meters in epicenter and 400 meters 
in depth even though they had 27 seismographs operat­
ing within a circle 32 km in radius and centered about 

1> ~5e 
'i",\al 
'> of 

" or 
I:;:nd 
l.:ar 

,nd the explosion. WESSO'i (1971) found that the better 
located earthquakes, at 1 to 4 km depth located with 
I:) stations spaced within a radius of about 10 km, 
Illay contain a systematic bias as large as 500 meters 
IX'cause of lateral variations in the seismic velocity. In 
b()th cases, seismic refraction data were available to 
~:in: data on the crustal structure. Such observations 
~:lO\v that although fauits may in theory be located 

ithin a few hundred meters using microearthquake 
data, extreme care must be taken in the locating proce­
i~lre and in evaluating the accur2CY, particui::dy if drill­

i'?, into a seismically aetl";:: Er':':& is proposed, Locations 
,': geothermal areas 3,;;: especially difficult because the 

u"t Q,cten contains large numbers or inhomogeneities 
'::!1 as grabens. horsts, dikes, and intrusives. Despite 

t·c inaccuJ:acies, good locarions of microearthquakes 
:GI'icie the most accurate data, except for drilling, on 
\, posi;:ion of faults aI depths of one or t'\vo kilometers. 

) PleAl. FIELD PROGRA\iS 

Small, high-gain, portable seismographs, which can 
.; carried as luggage on an airplane, can be built or 
urchased for a few thousand dollars. One of these 

;lstruments, operated at a number of sites in and around 
geothermal field for periods of from days to months, 

, sufficient to see if there is any local seismic activity. 
'hree or more of these instruments can be used to 

'I'udely locate the earthquakes. 
More precise and more accurate locations can be 

btained using an array of seismometers with separate 
ccorders but a common time signal or preferably with 
nc recorder connected to many seismometers by wire 
r radio telemetry. Three seismometers located one or 

i wo kilometers apart are sufficient to obtain fairly pre­
ise earthquake locations. This so-called tripartite meth­
d is severely limited, however, because it depends not 
nly on the first seismic arrival or P-wave, but also 
e arrival of the S-wave (WARD 1971). The S-wave 

be highly attenuated in geothermal regions. 

practical upper limit on the amount of equipmenL can 
. be determined using data from 6 to 13' seismometers 
located within and around the edges of the geothermal 
region and recorded on one 1/2 inch (7 channel) or 1 
inch (14 channel) magnetic tape recorder. At least one 
sei5mometer should be located directly over the earth­
quake activity or at the epicenter and the other instru­
ments should be within a radius of the epicenters ap­
proximately equivalent to the maximum expected hypo­
central depth. Some seismometers might be placed to 
receive the first refracted waves from many of the earth­
quakes. The locations could be improved if one or more 
seismometers are located in boreholes near the hypo­
centers. In geothermal areas, however, the heat at 
shaliow depth may be higher than the seismometer and 
cable can withstand. Equipment of a 13 component 
array complete with tape playback facilities might cost 
between US $ 50,000 and 100,000. 

When good accuracy is desired the hypocentral 
locations should be calibrated by recording and locating 
artificial explosions detonated as near to the earthquake 
hypocenters as practical. An ideal location for such a 
calibration shot is at the base of a well. 

The seismic equipment should be chosen carefully 
to allow maximum instrument gains of over one million 
in the 5 to 30 hertz range. This frequency band is set 
by the high microseismic level at periods of 3 to 20 
seconds with the highest peak at around 6 to 8 seconds 
(BRC'\E and OLIVER 1959), by the fact that microearth­
quakes are rich in frequencies of up to 20 or ')0 hertz, 
and by the fact that high frequency seismic waves are 
attenuated far more rapidly in the earth than low 
frequency waves. Local noise sources such as blowing 
ste2m wells. rivers, and cultural noises should be 
avoided since they also often generate significant seismic 
energy in the frequency ranges of interest. 

Earthquake risk 

The possible hazards from earthquakes in geo­
thermal areas are poorly understood. Earthquakes may 
change the intensity of geothermal activity, they may 
damage structures, and they may be affected by modi­
fication of fluid pressures within the geothermal field. 
There seems to be little need for excessive concern but 
these factors should be studied and more carefully 
evaluated. 

EFFECT OF EARTHQUAKES ON GEOTHERMAL ACTIVITY 

Flow from geothermal wells or- springs may be 
modified during earthquakes either because fault slip­
page changes the permeability of feeder zones or because 
an increase or decrease of regional stresses changes the 
sizes of water filled cavities (BODVARSON 1970). RI­
l'\EHART (1969) and RINEHART and MURPHY (1969) 
noted some effects on the eruptive cycle of Old Faithful 
Geysers in Yellowstone Park. Wyoming. from earth-
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quakes less than 50 kilometers away and possibly even 
from a major earthquake in Alaska. MARLER (1964) 
describes effects of an earthquake less than 50 km 
away on hot springs in Yellowstone. 

Pronounced changes have been noted in hot spring 
activity in Iceland after earthquakes within the thermal 
area. For example, in late 1967 a swarm of earthquakes 
in extreme southwestern Iceland was accompanied by 
surface fracturing in the Reykjanes thermal area and 
the formation of new geysers of brine up to 15 meters 
high, hot springs and fumaroles (WARD ET AL. 1969; 
TRYGGVASON 1970). 

EFFECT OF EARTHQUAKES ON STRUCTURES 

Structures in geothermal areas, particularly those 
handling superheated steam and water, should be de­
signed to withstand locai earthquakes. Since such design 
is often expensive, it is important to know just how 
large an earthqua..1.ce is likely to occur in a given period 
of time and use that largest event for e5tablishing design 
criteria. As discussed above, earthquakes greater than 
magnitude 4 to 5 appear to be rare in geothermal areas. 
If these preliminary observations tum out to be true 
throughout the ,voIld, only moderate attention needs 
to be paid to structural damage from earthquakes except 
where faulting may occur near the structure. Naturally 
the risk of large earthquakes near but outside of geo­
thermal areas must; aLso be considered by examining the 
historic record of activiTY and the regional scismo-tec­
tonic setting. Many aspects or earthquake engineering 
are discussed in a book edited by WIEGEL (1970). 

FU;!D PRESSURE ,"_:\1.1 EARTHQUAKES 

Considerable evidi:nce suggests that thousands of 
earthquakes between 1962 and 1967, including one as 
large as magnitude 5.5, \Vere triggered by the injection 
of millions of liters of fluid per month into a well 3671 
meters deep near Denver, Colorado (EVANS 1966; 
HEALY ET AL. 1968). Detailed studies in Rangely, Colo­
rado, similarly show that there is high seismic activity 
where fluid pressures due to injection exceed normal 
hydrostatic pressures and that modifying the fluid pres­
sure seems to modify the occurrence of earthquakes 
(RALEIGH ET AL. 1970, 1971). Increases in seismic activ­
ity have also been suggested as resulting from the load 
of large reservoirs behind new dams (CARDER 1945; 
ROTHE 1970). If fluid pressures in geothermal fields are 
to be substantially modified by exploitation and reinjec­
tion, the possibility of modifying the mode of seismic 
energy release should be considered. 

The most widely accepted mechanism for this 
effect of fluids on earthquakes involves pore pressure 
(HUBBARD and RUBEY 1959). If T is the shear stress 
on a fault plane, To is the intrinsic strength, S" is the 
normal stress across the fault plane, P is the pore 
pressure, and u is the coefficient of friction (e.g. HEALY 

. and PAKISER 1971), then 

T = To + u (S" - P) 

10 

tv 

The effect of increasing the po" pressure is thus tel .. II 

,

- -rItica v 
reduce the frictional resistance to slippage by decreasing' ~l1t under 
the normal stress across the fault. In Denver. for exam- tiun. G~a; 

1 h '" l' d 269 b "'altonal p e, t e mitIa reserVOir pressure was aroun ' ars. Order 9-21 

By injection the down hole pressure was increased to 
about 389 bars when fracturing took place. After thatl REFERH 
time injection rates changed from being negligible at. '\LLEN C. 
pressures of 362 bars to 114 liters per minute at pres-, TWL( 
sures of 368 bars (HEALY ET AL. 1968). In Rangely, ~~T;ll 
Colorado, pressure changes observed to influence earth- - :\s,-\IH(/~: 
quake activity are on the order of 60 bars (RALEIGH with 
ET AL. 1971). 5.83. 

B.\NWELL ' 
Thus the possibility of increasing seismic activity Introc 

needs to be considered in geothermal regions where the B,\R-\Z,\NGl 

permeability is low enough that fluid extraction or ~~;:~ 
injection can raise the reservoir pressure, or pore pres- BODVARsso 
sure, above the local hydrostatic value. Even in these resoUl 
cases large earthquakes may not be triggered if largel BODVGARSSQj 

d . 'f h ' • eop regional stresses 0 not eXIst or 1 t e reserVOIr IS at . BOLT B. A: 

depths of less than one or two kilometers. In the latter I evide~ 
case stress release may take place as aseismic faulting I ~~d } 
or creep (SCHOLZ ET AL. 1969). Reducing the reservoir BRUNE'J.1 
pressure may decrease the number of microearthquakes surfai 
but it may also mean that tectonic stress will be accu·. BRU~~eJs} 
mulated and released in a large earthquake at a . later; SCism, ... ! 
date. C~RDER D.i 

No data is available but microearthquakes Illay be :~~i'I(: 
generated by the same principle when hydrofracturingz CUCY G. i 
is used to increase permeability around a borehole. III and fl: 
any events occur that are large enough for focal mech-l D p" Ge~ 

•• E M,FHs 
anisms to be compiled. the direction of the pnnclple., 1957. ! 
stresses could be determined. Hydrofracturing studie~i E.UON 1. P: 
also give data on the amount of pore pressure. neededj EHo~2i_l 
at a high strain rate at least, to induce fracturmg. f shock! 

Another effect of fluids on fracture is that of stresl quak", 
corrosion (SCHOLZ 1968). In this case « when a brittl~ EATON. J. i 

. If micro, 
material is stressed in a, corrosive environment. the hlg'i qua.kei 
tensile stresses at the tips of cracks accelerate the corr Cahfo 

. . h h h k d t I th EIBY G. AI rosIOn reactIon t ere so t at t e crac s ten a eng· Z I • 
• 11 ea at 

en ». GRIGGS (1967) discusses other types of wate',"tEIN-\RSSO:-; 
weakening. area c 

EVANS D. 

Conclusions GOFORTH I
I times. 

Microearthquakes appear to be closely related spa ;::~l 
tially to major geothermal areas. Accurate locations O~GORYA( HE\' 

these earthquakes can provide new data on the locationf ~nd r~ 

of active faults that may be channeling hot water towarttGRld~~' £i 
the surface. The earthqeakes may damage structures oj silicat! 
change the permeability of fault zones. DevelopmeriGRlx~LEY ! 
of a geothermal field may in some cases increase c~ fV1el[ds j 

, Dcai' 
decrease occurrence of events. Thus the occurrence an~HAGIWAR.-\ i 
nature of local microearthquakes should be evalttatet obsen! 
in the development of a geothermal field. iH Res. II 
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