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INTRODUCTION. The literature on reservoir induced seismicity begins with thé
discussion of the seismic events at Lake Mead (Hoover Dam) on the Nevada-Arizona
border (Carder, 1945), which was the first time such seismic phenomena had been
clearly recognized. In retrospect, it appears that an even earlier example had
occurred at Lake Marathon, Greece, where induced earthquakes were felt in 1931,
two vears after filling began, coinciding wifh the first time peak water level
had been obtained (Gupta and Rastogi, 1976). Since that time the number of
clearly identifiable cases of reservoir induced seismicity has exceeded 60, out
of perhaps 11,000 reservoirs existing in the world. The state of information
on the subject as of 1976 has been comprehensively covered in the book by Gupta
and Rastogi, hams and Earthquakes, More recent developments have been treated
in two review artigles (Cupta, 1985; Simpson, 1986) and in a book (Scholz,
1990)., The object of tgﬂmgingnt article is to briefly summarize the current
understanding of the subject, with special emphasis on more recent investi-~
gations, |

About'a'dﬁzen examples of reservoir induced seismicity have now been
studied in sufficient detail so that the basic mechanisms involved are beginning
to be understood, For each reservoir displaying such behavior, however, there
~ are hundreds of similar size and tectonic environment that do not show appre—
ciable changes in seismicity. The particular set of circumstances required to
produce such alterations in local seismicity is still not completely defined,
although cogggjpggh;g progress has been made in describing certain common
factors whicl;l seem to be involved in most of the notable examples. In the
following, we shall first note some of these common factors and general priﬂf

ciples, and then shall describe in some detall several specific examples.
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GENERAL PRINCIPLES. Some common characteristics of reservoir induced
seismicity which have been generally noted may be summarized as follows (Gupta
and Rastogl, 1976).

(1) The frequency of occurrence of earthquakes shows some kind of correlatien
with reservoir water levels.

(2) Focal depths of induced earthquakes are shallow, and the hypocenters are

in the near vicinity of the reservoir.

{3) Foreshocks and aftershocks follow a pattern which for natural earthquakes

impliss a tectonic stress field which is moderately heterogenss

. uniform external stresses.

(4) In the expression logN = a-bM, where N is the number of events equal to or
greater than the magnitude M, and a,b are constants, the slope b is greater for
both foreshocks and aftershocks thin for normal earthquakes in the region of tha
reservoir. This means that the aviriib'ilsnitude of the shocks in the sequences
18 lower than that associated with naturﬁl"igrthquakea in the region.

(5) The aftershocks of reservoir induced ei%%ﬁquaklﬁﬁ!l;g_a relative slow
rate of decay compared to normal earthquakes in thikregion.

(6) The amplitude ratio of the largest aftershocks to the mainshock is higher
than for most natural earthquakes, approximately 0.9.

To these points some other general observations can be added. For all of the
larger induced earthquakes, focal plane solutions have shown that the stress
systems involved are in agreement with pre-existipg tectonic stress fields in
the region (Castle, et al, 1980). The induced earthquakes are of a strike-slip
or normal type, with no notable cases so far of large induced ea;thquakes of a
thrust type. Most cases have been in areas of low Eo moderats fiatural seismic—
ity, perhaps because in regions of high seismicity natural events may mask thé
smaller effects of induced seismicity. In all cases the induced seismicity
seems to be a trviggered process. There is general agreement that the main

energy in the induced earthquakes comes from the stored elastic strain energy in

§
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the whole region of the reservoir, and cannot be accounted for entirely by

the loads imposed by the reservoir weight, Unless the tectonically stored
energy were already near the level at which a natural earthquake might occur, it
1s difficult to see how the relatively small effects produced by the reservoir
itself could cause the earthquakes. The reservoir has perhaps just hastened the
natural event, which might otherwise have waited some thousands of years to
happen. The maximum size of the induced earthquakes corresponds to the size of
the strained tectonic volumes, and is never larger than likely natural earth-
quakes in the same region,

The distribution of induced seismicity in time seems to follow two
different types of response (Simpson, et al, 1988), In some reservoirs induced
seismicity follows immediately upon the initial filling of the reservoir, while
at others there may be a considerable delay, sometimes of many years, and the
induced seismicity may not become apparent until a number of aeasonal-filliné
cycles have occurred. These differences are beliaved to be connected with a
balance of factors infolved in the basic mechanism of the process. It is these
cages of delayed seisniﬁiéy'yhtch have raised the greatest uncertainties as to
the reality of the reservoir-earthquake relationships, which we will encounter
in our diacgluion of the Aswan Dam and the Oroviile earthquakes. The study of
time correlations has been greatly hampered by the fact that for most of the
reported cases of reservoir induced seismicity there has been no pre~impoundment
monitoring of seismic activity, Recently, however, several large dem projects
have been fully instrumented with local seismic networks several yeara before
impoundment, so that a complete record of pre-impoﬁndment selsmicity is
available, )

BASIC HECHANIQ&?T‘“ Two basic mechanisms of stress modification have been
suggested as the important.factora in the triggering of seismic events at
reservoirs: (1) the direct effect of tﬁe weight of the resérvoir in increasing

the elastic shear stress in the rocks, and (2) the effect of increased pore
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" pressure in decreamsing the effective normal streas and thus moving the systen
closer to shear failure, The increased pore pressure at depth can result as a
diffusion of pressure from the reservoir, or because the compression of the rock
" reduces pore volume, In many reservoirs both the loading and pore pressure
effects are evidently operating, with one or the other be_.‘..ng the dominant
effect. That pore pressures alone many trigger earthquakes is demonstrated by
the Denver, Colorado, earthquakes, which followed the injection of waste fluid
under high pressure into a deep vell (Healy, et al, 1968), and also by exper-
iments at the Rangely, Colorado, oil field in controlling the m of -
suall earthquakes by fluid injection in deep wells in an oil field (Rayleigh, et
al, 1976). .
The time requirad for diffusion of pore pressure changes through the rock
medium provides a logical explanation for some of the observed time delays
. ,hetween reservoir level changes and seismic activity. It should be noted that "
+the fluid in;'] ection pressures involved in the Deaver and Rangely events were of

the order of several hundred bars, much larnr than the pore pressures induced

by reservoira, vhich Are some 10 bars for a 100 meter depth of water typical of
many reservoirs, Sinilariy, the direct shear stresses caused ‘by the weights of
typical reservoirs are of the order of 1-10 bars, and these low values of stresa
and pressure reinforce thg idea that the reservoir can only trigger earthquakes
} in a highly stressed region not far from failure, It is known that high
tectonic stressea (300-1000 bars) exist in many regions, and it is also known
that the stress drops involved in natural earthquakes are only a satter of a few
bars, comparable to the stresses involved in reservoir loading.

The orientation of the principal stresses in the region of the reservoir
determines the type of faulting, and the magnitude of the principal stresses
indicates how close the system is to failure, The main component of the reser-
voir loading stress, which is vertical, is added to the _maxim. interllediate.r

or minimum principal stress corresponding to the cases of normal, atrike—slip,:
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‘or thrust faulting. The effect of the vertical load is thus to increass the
tendency to trigger earthquakes for a region of normal faulting, to have no
effect for strike—slip faulting, and to inhibit the tendency for thrust
faylting. An increase in pore preasure will through its effect in reducing
effective normal stress, alvays move the system tovards fallure (Simpson, 1976;
Scholx, 1990). This appears to offer an explanation for the absence . of induced
seismicity for reservoirs impounded in regions of tectonic conpro_uidn (thrust
faulting) and the fact the induced seimmicity usually involves normal or strike-
alip faulting.

m.us'mm EXAMPLES. To 11lustrata the above general principles, & number
of notable specific cases of reservoir induced selsmicity will be briefly
discuseed, Bach of these examples has contributed much to an understanding of
the subject, and each involves continuing investigations which will add to our
knowledge.

Xoyna Dem. This is the classic case of reservoir induced seismicity, which first
demonstrated in a conclusive way that large destructize earthquakes could be
caused by reaervoi:l- impoundment, Lt remains the most interesting, the most
carefully studied, and r.he best rcport..d event. The Koyna earthquake of
December 10, 1967 of magnitude 6.5 was the largest reservoir induced seismic
event so far reported. It was centsred very close to the 103 meter high dam,
axd occurred some five years after impounding began in 1962. Significant demage
was caused to the concrete dam which required repair and strengthening, but
vhich did not suffer catastrophic failure. Considerable demage to buildings in
the region resulted in more than 200 deaths, more than 1500 injuries, and
rendersd saveral thousand persons homeless. The reservyolr was in a region of
lov seismicity which had been considered to be frea of significant seimmic
activity, and which in the 1962 seismic zoning map of Indim had been considered
‘eseismic, Historical records have shown, howerver, that during the paat 600
years several earthquakes had occurred in the western part of the Indian
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peniuuiar-ahield vhich was generally considered to be a very stable tectomic
structure. With reln;kable farsightednesa, engineers had installed in the dam
before the main shock several strong—motion accelerographs, which recorded
during the earthquake an acceleration of 0.63g, at that time the largest earth-
quake acceleration that had ever been recorded anywhere in the world, Koyna Dam
remains the most notable example of significant damage to a concrete gravity dam
and associated power plant equipment for which the forces causing the damage
have been directly measured. After the initial filling of the reservoir in
1962, felt earthquakes were increasingly noticed in the area, and Y& 19837 4n
the region was clpsaly _uonitored by a local network of seismic observatories.
Since that time a notable series of foreshocks and aftershocks for a sequence

of events have been recorded, and numerous illuminating investigations have been
carried out,

The more recent investigations have been summarized in a review paper
(Gupta, 1985), Using improved techhid;hf‘nfﬁy aftershocks and smaller events
have been relocated with much increased accurscy with the results that faults in
the region have been more clearly revealed and deifneated. Two broad trends of
epicenters have been defined, and focal mechanism studies have shown striké-slip
faulting for the NNE trend, and normal faulting for the NW trend. Focal depths
are of the order of 12 km, somevhat shallower than had been originally supposed.
The fault trends revealed by these improved techniques match those observed by
Landsat imagery. 'Racent studies have also indicated the importance of rate of
loading in triggering esrthquakes at the Koyna Reservoir (Gupta, 1983). It
appears that the necessary but not sufficient condition for triggering of earth-
quakes of M» 5 is a weekly rate of reservoir loading of » 40 ft. This suggests
that by é suitable control of reservoir water levels, earthquakes greater than
M5, which are locally damaging, could perhaps be avoided. Recent detailed
studies of-Koyna aftershocks (Gupta and Iyer, 1984) have shown that each of the
earthquakals of M35 on September 13, 1967, December 10, 1967, and October 17,
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1973 wvere preceded by two M4 earthquakes within two weeks of the main shock.

On the other hand, three earthquakes of M# S occurred in September 1980 without
being preceded by a pair of M@ 4 events. Hopefully such studies may reveal
premonitory patterns which could serve as warnings for impending larger events.
To broaden such studies to other regions will require a conaiderable improvement
of local seismic networks, which are far from adequate at most sitaes,
Hsingfengkiang Dam. Another widely studied reservoir induced selsmic event was
the M6.0 earthquake at Hsingfengkiang Reservoir near Canton, China (Chang-~kang,
et al, 1974). This 105 meter high dam was completed in 1959, and increasing
numbers of local earthquakes were noted from the time of impoundment tc the main
shock on March 19, 1962, Bafore the main shock had occurred, the large number
of small events had alerted engineers, and the dam had been stresigthenad. The
M6.1 main shock caused some structural damage to the dam, which was then
repaired and received a second stage strengthening. After the main svent a
aumber -of accelerographs were installed at various elarations in-the dam, and
several earthquakea.gs large as M4,5 have been recorded which have provided much
valuable information onflggpgg_motions and on structural response, Focal
mechanism studies of the nain shock indicated strike-slip faulting in directions
conpatibla-uith*oxisting fault structures. Although there is no record of
destructive earthquakes in the region before impoundment, several small felt
earthquakes had been noted. One month after initial filling, many small earth-
quakes in the immediate vicinity of the reservoir were recorded, with the
nusbers .increasing rapidly as the water level was raised, There has since been
a clome correlation between reservoir levels and earthquakes, and a8 rapid rise
of water lavel to a high value was often followed by increased seismicity. The
foreshock-aftershéck ssquence displayed all of the classic features often
associated with reservoir imduced seismicity. The b-~values for the foreshocks
were greater than for the aftershocks, and both were greater than for normal

tectonic earthquakes in the region. The ratio ef the largest aftershock
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magnitude to the main shock sagnitude was high, and the aftershocks attenusted
very slowly. . .

Asven Dam. An especially interesting case of reservoir ‘induced seismicity is
that of the Asvan Dam, which impounds the sacond largest reservolr i the world
(Kebeasy, et al, 1987). Filling of the lake began in 1964, and it was seventeen
years later on November 14, 1981, that a M5.5 earthquake oT:curred which cansed
some local structural damage but did not demage the dam. For a number of years
Aswan was considered to be a notable case of an assismic reservoir, but it is
nov generally accepted that a typical pattern of reservoir induced eveats has
been triggered by Lake Nasser, after an mnusually long time delay. Prtlv:lm to
the impoundment the region had been considered to be aseismic, with no signifi-
cant earthquakes having been reported within 100km of the ressrvoir. In 1975,
eleven yeurs after impoundment, when the lake reached its maximum depth, two
selsmic stations were installed which detected infrequent low level seimmicity.
In 1982 after the main shock an eight-station telemetered array of seismometers
was deployed, and accurately located events clearly d..une_gted known existing
faults which had been submerged since the 1975 high water level. The foreshock—
aftershock sequence followed the typical pattern for reservoir induced
selsmicity. The water level in the region where the earthquakes occurred is
only of the order of 10 meters deep, and tho ‘sandstone surrounding the rahi‘voh:
is highly porous and relatively permeable compared to the underlying granite.
The total load of the reservoir consists not only of the water is the lake, but
also a significant amount of water stored in the sandstone, which alse results
in an incresased pressure at the base of the sandstone, The delay in the appear—
ance of the seismicity is probably connected with the time required for water

to diffuse into the sandstone.

Nurek .Reurvoir. VWhereas the Aswan Reservoir may serve as the. most striking
example of a delayed response, the Nurek Reservoir in the Tadjik Republic of the

USSR is an excellent axample of a very rapid response. In addition it is an
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.exemple of a rare case in which very thorough seismic studias wvere made of .t.lu
region before the impoundwent of the reservoir. The reglon vas kaown to be of
complex tectonics with a high level of natural seismicity. In 1956 a M5,3
earthquake occurred approximately ‘10 km from the proposed dam site. 4 network
of seismic stations has been operating since 1955, soné twelve yeara before the
impoundment which did not begin until 1967. The first phase of major filling
occurred in 1972 when the water lavel attained 100 meters. A strong increase
in seismicity occurred immediately, including earthquakea of M4.3 and M4.5,

A second stage of filling took place in 1976 which reised the water lavel from
120 meters to 200 meters, accompanied by an 1nr.enu burst of seismic activity
(S!.lpson and Negmatullaev, 1981). Althoungh the water level has since reachad
250 meters, no induced earthquake larger than M4.l has occurred since November
1972, 1In 1975 the original seismic network was supplemented by a 10~station
telemetered network which permits a detailed study of local conditions. The
distribution of epicenters for the induced earthquakes form a pattern quite
distinct from that formed by mstural events. The region of the Nurek Reservoir
is 1in a broad zome of korisomtal compression, and the focal mechanisms for the
Tegion are usually of a thrust-type. This is an apparent exception to the
genaral conclusion thet ‘Tesarvolr isduced seimmtcity doss not occur in such
eoqtuu:lmlm:u:l.cmim. nummhuhmmforbyam
of oppo-u. nffocu of load and pore pressurs in such ragiona of horizontal
compression. Detailed studies have shown that raiging the water leval above a
previous maximum velus seems to increase the potential for increased ssismli-
city. The occurrenu of subsequent seiswmic activity appears to be controlled
by changes in the rate of £f11ling of the ressrvoir, with decrsases in the
filling rate causing an increass in seimmicity., A similar phenomenon was
mentiched above in connection with Xoyna Dem. It appears that a comtrol of
filling rate way influence the release of seismic energy, and that an artificial
mapipulation of rates of filling may be a feasible way in Some cases to svaid
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triggering such activity. The pattern of foreshock and aftershock activity
shows many of the same featurés noted in other cases of i‘nduced seismicity.
The fault zones indicated by the induced seismicity do not, however, corre-
spond to geologically mapped fault zones, which are more characteristi¢ of the
naturally occurring seismicity. The long term studies of the Nurek Reservoir
confirm the generally noted fact that reservoir induced saismicity appears to
be a transient phenomenon. In most cases, such induced seismicity gradaully
decreages, and one would expect that the region would achieve a new aquilibrium v
and the reservoir should eventuelly have rio more effect than u.hrge lake.

The Oreville Earthquake. The M5.7 Oroville, California earthquake of ﬁ-%hugust 1,

1975 is of apecisd -interest because of the fact that although it has been very -
extensively studied, thexs 1s still no general agreement as to whether or not it
represents a case of reservols: Anduced seismicity. The 236 meter high Oroville

Dam is the largest dam in North Amewiga.. The filling of the reservoir begsa ia .. .u
November 1967 and was completed in Septemhes.1968. The main shock, which was

about 12 km from the dam, thus occurred w years after impoundment,

and this time delay raised questions about I:I'AA_~ m],gt;.aﬂ“;tween the

raservoir apd the earthquake. Since we now have a q?i‘lear case at;-_ Aswon:-Dea: of
reservolr induced seismicity after 17 years, the delay question is not quite as. - -
critical, but other features introduce further doubts, As pointed out in a

recent study of the event (Toppozada and Morrison, 1982), there are at least

two factors indicating a direct connection between the dem and the earthquake:

(1) the earthquake was quite near the dam, and the extension of the causative

fault to the lake is-:l.nd_ical:ed by gelogic, seismologic,.and gelodetic data; and

(2) the earthquake occurred after an unprecedented seaponal:change in reservoir
level. During the winter of 1974-75 the reservoir was drawn dgwm to its lowest
level since filling to repair intakes to the power plant, an_d the earthquake _
sequence followed shortly after the refilling. This suggests a situation .
similar to that at Koyna Dem in 1967. In both cases the earthquakes did not
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occur upon initial filling, but:"rather several years later following
unprecedented seasonal refilling, - The region of the Oroville Resevoir was
generally considered to be of relatively low seismicity although three other
earthquakes in the M5-5.9 range have occurred since 1900 within 60 km of the
site. 1In 1977 reservoir level fluctuations of an even greater amount than in
1975 were not accompanied by significant seismic activity (Rajendran and Gupta,
1985), There is thus no general agreement as to the degree of correlation
bm the fluctuation of reservolr levels and the seismic activity - for some
intervals of several years, a correlation seems indicated, for others, unlikely.
As discussed above it has been shown that for most cases of reservoir induced
seismicity the b-values in the recurrence-magnitude relationships are higher
than those for natural sarthquakes in the region. At Oroville, the b—values for
both foreshocks and aftershocks are definitely lower than the regional valea,
again suggesting that Oroville is not a typical case of reservoir ipduced
seiswicity, On the other hand the rate of decay of aftershacke st Oroville is
:haimﬂu' tﬁ’w@ Famervoira which are definitely considered to shoyw induced

selsmicity, As the };‘ears go by and new data become available, we may hope that

,,,* situation at o:.-ouu. M-. ¢laarer.

'.uae of the comprehensive studies that have been made there.
Thege 1nc1ude in situ tectonic Stress measurements, and direct meagurements of
pore pressyre, permeability, and the distribution of faults, fractures, and
Jolnts in two 1.1 knm deep wells drilled into the hypocentral zone of the induced
earthquakes (Gupta, 1985). The induced Seismicity at the Montebello 8ite is an
example of the rapid response type. The 52 meter dam with a small reservoir
volume of 0.5_11:5l vag filled rapidly, and swarms of small earthquakes

o ) %m of impounding. The induced seismicity

d as the m‘;qxj, 1@19;; romained constent, although the seismic

is si:ill somevhat higher than the ru'yloupu-upoud-ent values,
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This is an example of induced seismicity which might never have been noticed,
except for an unusual amount of investigative work at the site, :I.ncludihg pre~ '
impounding seismicity studies, which were motivated by the existance of a .
nearby nuclear power plant site, and by the hopes that such studies might throw
some additional light on basic problams of earthquake prediction. A similar
asituation exists at the Gran¥arevo Dam in Yugoslavia, which was seismically
monitored some seven years before impoundment., A clear pattern of reservoir
induced seismicity developed, bat all at a very low instrumental level. Without
the pre-impounding measurements it would no doubt have been concluded that there
vere no seismic effects caused by the reservoir, It may well be that'\ many dams
which have had apparently no seismic effects could have involved considerable
seismic activity at microseismic levels (Bo¥ovié, 1974). The direct measure-
ments made in the deep wells at Monticello were performed specifidilty to teat
the theory that increased pore pressures uu?ed by fluid diffusion were an """
fmportant factor in induced seismicity (Zoback and Hickman, 1982). Hydraulic
fracturing stress measurements were made at different 1eve}s in the wells, and
it was determined that near—critical streass differences for}i;'uc’i'orse-sype fault’
motions existed st depths less than 200-300 meters. Tests with an ultrasonic
borehole televiewer revealed fault planes with orientations similar to thqse
calculated from seismic focal mechanism studies. Direct pore pressure Mrr
ments indicated that pore pressures were increased compared to pre~impoundment
conditions, and permeability measurements produced data reasonably consistent
with the time history of the induced seismicity. These direct measurements
were compared with stress parameters determined from a network of five digital
seismographs recording over 300 induced events (Fletcher, 1982), Estimates of
shear stress from the in situ measurements agreed with the seismically deter—
mined stress drops for the larger M®3 events, but were much larger than those
for smaller events. These comprehensive investigations at anticéllo Reservoir

have confirmed the hypothesis that the near surface pore pressure changes



Reservoir induced Seismicity 47

caused by the reservoir were sufficient to trigger earthquakes.

Tarbela Dam. The Tarbela Dam in Pakistan has a height of 143 meters and
impounds a reservoir of maximum depth 130 meters and a capacity of 13.7 km
(Jacob, et al, 1979). It is located in a seismically ac.:t:l.ve region in the
lesser Himalayas. About one year before first impounding a telemeteread seismic
array was established at the site and detailed studies of-lecal. léle:tni.r:i.i:y were

carried out. Fault plane solutions indicated a pattern of thrusting and strike-

- nl'ip motions consistent with a horizontal N.S. compression typical of Himalayan

tectonics. Two initial reservoir fillings resulted in only ﬁ minor effect on
seismicity, Small temporary dec:_rmes in local seismicity were observed, which
disappeared after a few weeks, with seismicii:y then returning to pre~impounding
levels. This pattern of decreased selsmicity is compatible with a compressive
streas environment with a delayed increase in pore preasure at depth, In this
case th; reduced seismicity is consistent with basic theories on the balance
between pore pressure and loading effects in a compressional setting, and thus
enhances the generally accepted picture of the mechanics of reservoir induced
selsmicity, Since 'lﬁ-beln Dam is located in a highly ui-ic region, it is
clear that the dominant me risk at the site is established more by natural
enrt.hquku than by the possibilities of reservoir induced events.

SUMMARY OFtMIR CHARACTERISTICS. To set the above special cases withia
a more gineral framework, it will be useful to refer to Table I, which presents
bagic data for a selected group of reservoirs which have been involved in
notable investigations of reservoir induced seismicity. Many others could ba.
included, which, however, would add no new features to the picture. Fig. 1
shows one way in which some of this basic information can be organized in the
hopes that Some gensral pattern will emerge. It is clear from Fig, 1 that many
additional factors N\llll have to be included before any general conclusioms
could be reached. From Fig, 1, hoinnr, it can be.seen that depth of water

appears to be a more important factor than reservolr volume, and that the size
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of the maximm earthquake does not increase with either depth or volume. Many
other factors such as tectonic setting, the permeability of rocks, the presence
and pattern of fanlting, etc., are also of key importance, and it is clear that
each site requires a detailed individual investigation before any opinion as to

future behavior can be formed.
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Fig. 1. Height of dam, reserveir volume, and marimum

magnitude of induced earthquake (data from
Ref. 13).

This same diversity of behavior will also be noted in Figs. 2a,b, which
give the water depth versus time from impoundment for several of the reservoirs

discussed above, along with an indication of vhen the maximum induced earth-
quake occurred. '
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Fig. 2a.

Fig. 2b.
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A recent stﬁtistical investigation (Baecher and Keeney, 1982) has analyzed
data from 29 reservoirs associated with reservoir induced seismicity and 205
reservoirs not showing this behavior, selected from some 11,000 reservoirs in
the world. Three subsets of these 234 reservoirs were defined - very deep
reservoirs, very large reservoirs, aﬂd reservoirs with reported cases of induced
seismicity. Five attributes were used to describe each reservoir - depth,
volume, stress state, presence of active faulting, and geclogy. The tentative
conclusions from this relatively small and Iimited sample are; depth is the
attribute which best discriminates circumstances vhich may or may not result in
induced seismicity, and the next best is volume. The complete set of attributes
most likely to produce induced selsaicity would be a very deep, very large
reservoir in a shear stress zone with active faulting prior to the reservoir,
in sedimentary formations. After due varnings concerning the inadequacies of
the present data set, the authors of the above statistical study concluded that
"There is no method or methodology, nor could there be ons, which is completely
objective for developing a model of the likelihood of reservoir induced
seismicity." .

Another recent atudy which helps to achieve a broader perspective is an
1nva.tigntion of ;grge reservoirs in the Himalayan foothills (Gupta and
Rajendran, 1%6) Nine large reservoirs (height > 100 meters, volume >1 kn?)
were studied, and in no case was reservoir induced seismicity reported. At
Mangla Dam, among the largest reservoirs in the world, seismicity did not
increase, but may in fact have decreased. We have already noted a similar
situation for Tarbela Dam, and it has also been concluded that there is no
relation between seismic activity and the reservoir created at Bhakra Dam,

The predominant facggr which seems to be inhibiting induced seismicity in this
region is the thrust~fault enviromment, generally prevalent in the Himalayan
foothills, which as has been discuased above is ndt usually conducive to

reservoir induced seismicity, All of these Himalayan dams are located in
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regions of high natural seismicity, and all of the sites have in the past
experienced many large earthquakes nearby, MNaturally occurring earthquakes
thus represent & much more severe threat to dams in this region than reservoir
induced -‘seimc‘ity. and this is probably true for s very large fraction of the
world's dams. '

The relative importance of reservoir induced seismicity in the overall
problem of seismic hazard assessment for dams has been widely discussed
(Simpson, 1986). Some have felt that the small fraction of dams subject to this
phencmenon indicates a minor role in the whole risk picturs. OChifé poist out
that evan though the numbers are small, the fact that such events often occur in
regions of very low ssimmicity, vhere earthquake effects were perhaps not
conaidered to be an impertast fecter in the design process, and that such
induced earthquakes are vary close to the dam, means that careful counsideration
to such problems is always advissble (Allem, 1982). It seems clear, hova.ver,
that there have already been encugh induced earthquakes of demeging size, so
that it would be prudent to give careful thought to swéli gossibilities in the
design of any significant reservoir project.
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