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An obvious deficiency in equation (5.4) is that the stress drop does
not enter the relationship. Taking that into account, a basic reference
would be the work of Kanamori & Anderson (1975), who derived the

following relationship-

2 Ac
log S = M, + 8.13 - .. log(—.oa) (5.6)
3 u

where Ac is the stress drop 0, is the average stress. and p is the
rigidity. This relationship is displayed in Fig. 5.3 for various values
of the average stress. assuming a stress drop of 60 bars. The observed
data plotted on the same graph shows considerable scatter (more than one
order of magnitude). A value of o, = 7 bars gives a relationship as

indicated by the fully drawn line in Fig. 5.3:
log § = 1.02 Mg - 4.01 (5.7)

which applied to the fault surface areas in our case gives Mg values
of 6.8 and 7.4, respectively, corresponding to my values of 6.7 and
7.0, respectively. As seen from Fig. 5.3 the average of the observed
data would correspond to even higher values of o, (about 10 bars),

leading to an increase in the Mg values of about 0.2 units (0.1 for

mp) .

As seen from Fig. 5.3, the basic uncertainty is tied to the stress

drop and average stress assumptions. Kanamori & Anderson (1975) claimed
to find that intraplate earthquakes (the Stiegler's Gorge earthquakes are
intraplate in this respect) had a higher stress drop (~ 100 bars) than
interplate earthquakes (~ 30 bars), this has however been challenged

by later workers. Also, later works have also shown that Kanamori &
Anderson's (1975) assumption of constant stress drop (with magnitude)
seems to be valid only for larger events (Bungum et al, 1982b). Possible
stress drop measurements for the observed microearthquakes in Stiegler's
Gorge would therefore not necessarily be respresentative at the MCE

level.
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Fig. 5.3 Relation between Mg and S (aftershock area, fault surface area).
The straight lines are for constant apparent stress. The
rigidity u and stress drop of 3x1011 dyne/cm2 and 60 bars
are used. (From Kanamori & Anderson, 1975.)
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On the basis of the above discussion, it seems that the delineated

fault zone near Stiegler's Gorge could be able to accomodate earthquakes
with magnitudes around 7.0. The review of historical seismicity, however,
showed that magnitude 6.0 would be a reasonable upper limit, which in-
cidentally would correspond to a recurrence time of about 440 years
using equation (3.6) (475 years would correspond to a 107 probability

of exceedance in 50 years). As an average between these two values,

we therefore propose a magnitude of 6.5 to be used for the Maximum

Credible Earthquake (MCE) in the Stiegler's Gorge.

It would be reasonable, as already mentioned, to locate the MCE at

the center of the delineated fault zone, which would give a distance

of about 20 km to the proposed dam site. An MCE level of 6.5 corresponds
to the magnitude used in Fig. 5.1, where it is seen that a distance

of 20 km would give a log(acceleration) of about 2.4, which is 0.25 g.
Using the alternative relationship displayed in Fig. 5.4 (Seed et al,

1976), however, one would get an acceleration level of 0.35 g correspond-

ing to an MCE magnitude of 6.5 and a distance of 20 km. In considering

the uncertainties involved in this estimation (also with respect to hypo-
central distance), we have to adopt the latter value of 0.35 g, which
should be a reasonably conservative estimate. It could be mentioned

here that the deterministic risk in a sense is a limiting value for the
probabilistic risk as the probability approaches zero. Thus it is a more

conservative estimate.

From the evidence given above on the size of the local fault zome,
and in spite of the historical seismicity evidence, it could be
argued that the MCE magnitude should be closer to 7.0. In that case,

we would suggest the following scaling relationship for acceleration:

a' = a « a0.8°4M (5.8)

which gives a factor of about 1.5 for AM = 0.5.
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5.3 Induced Seismicity

The possibility of earthquakes being induced by the impounding of the
reservoir has not been considered specifically in the above assessment
of seismic risk for the Stiegler's Gorge area. The main reason for that
is the considerable uncertainty involved in estimating the potential
for induced seismicity, and that there is no case in which one with

a sufficient degree of certainty could claim that an induced earthquake

was larger than what could have occurred in any case.

The problem of induced seismicity was counsidered in detail by Bungum
(1977) with respect to the Stiegler's Gorge area, and it was concluded
then that the area had a definite potential for induced seismicity.

The main reasons for that conclusion were that the highest potential
seemed to be connected to areas with (Simpson, 1976) normal and strike
slip faulting, and moderate strain accumulation (intermediate seismicity
level), and that hoth of these criteria were fulfilled in the case of

the Stiegler's Gorge area.

A large number of possible cases of induced seismicity are known (Gupta

& Rastogi, 1976; Simpson, 1976), several of them involving earthquakes with
magnitude above 5. It is not until recently, however, that the seismic
monitoring of dams has been sufficient for a more detailed analysis of

the problem (Leblanc & Anglin, 1978; Jacob et al, 1979; Simpson et al,
1981; Simpson & Negmatullaev, 1981). Such monitoring (including the
pre—-impounding stage) is now generally recommended (UNESCO, 1976) for

dams with a height over 100 m and a water volume over one km3, and a

good example where this recommendation has been followed is the

Stiegler's Gorge Power Project.

In a recent article review of induced seismicity, Meade (1982) finds only
three confirmed cases (Hoover, Manic 3, Nurek), while three are left un-—
decided (Kariba, Koyna, Hsingfengkiang) and two are rejected (Kurole,
Kremasta). Meade finds moreover no unequivocal case in which a damaging
earthquake (M>6) has been triggered by reservoir impoundment, and he

stresses that all evidence of induced seismicity is circumstantial,



the evidence containing no factors unique to induced seismicity. Changes
in seismicity over time are the rule rather than the exception, and
there are no seismic discriminants available to positively identify

induced events (Meade, 1982).

The mechanism of earthquake induction is tied to the fact that reservoir
filling increases the vertical stress due to the weight of the water,
while the effective stress is decreased due to increased pore pressure
(Simpson & Negmatullaev, 1981). What happens in practice is then de-
pendent upon the nature of the preexisting stresses in the area and the
geometric relations bhetween the reservoir and the fault system. It is
now generally accepted that the change in pore pressure is the most
important factor, and that the resulting decrease in stability is largest
in areas of normal faulting (Simpson, 1976; Bell & Nur, 1978) and
smallest in area of thrust faulting. Moreover, the potential for induced
seismicity seems to be highest in areas of moderate to high strain ac-
cumulation, while areas with high or low natural seismicity seem to be

less affected.

These results can be illustrated by the following recent and well-

documented cases:

= The Tarbela Reservoir, Pakistan (Jacob et al, 1979). The area is
subjected to horizontal compression with thrusting and strike-
slip motion, and with a considerable natural seismicity. The
impounding caused a slight and temporal decrease in seismicity.

-  The Toktogul Reservoir, Kirgizia, USSR (Simpson et al, 1981).
This is an area of very complex tectonics and high natural
seismicity (largest event M = 7.6). The largest induced earthquake
was of magnitude 2.5.

= The Nurek Reservoir, Tadjikistan, USSR (Simpson & Negmatullaev,
1981). The area is one of horizontal compression with generally
thrust type faulting, and the largest pre-—impounding earthquake
had magnitude 5.3. The induced seismicity has been considerable
with a largest magnitude of 4.6 (see Fig. 5.5), but the seismicity

can be 'controlled' by careful loading/unloading.
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These dams are all very large, from 143 to 350 m high, and with water
volumes between 10 and 20 km3. It is a characteristic feature in

these cases that there is virtually no one-to-one correspondence
between the active zones of (induced) seismicity and geologically mapped
faults in the area, as expressed in the following way by Keith et al
(1982):

'None of the fault zones delineated by the induced seismicity
corresponds to faults mapped at the surface, while none of the
surface faults mapped in the reservoir area has shown an increase
in seismicity.’'

This of course complicates the problem of estimating the potential for
induced seismicity at a reservoir site, especially when there in case
of Stiegler's Gorge is a similar lack of correlation with respect to

the pre-impounding seismicity.

We conclude from this that we consider that there is a certain potential
for induced seismicity at Stiegler's Gorge, and that loading/unloading

of the reservoir probably will affect the seismicity pattern. Impounding
should therefore not be done without a simultaneous local seismic
surveillance, and one should be prepared to reduce on short notice the
rate of change of the water level, as this is the main factor controlling

the induced seismicity (cf. Fig. 5.4).

The seismic network that would be needed for monitoring the local
seismicity at that stage should have a quality at least as high as for
the SGSN network, but with the additional capability of rapid data

analysis and interpretations at the site.
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6. CONCLUSIONS
In this final (Phase II) evaluation of the seismic risk for the Stiegler's
Gorge Power Project we have analyzed in detail the results from almost

3 years (1978-1981) of data recorded by a local microearthquake network.

Although the seismicity level as such is moderate, with a recurrence
relationship corresponding to one 4.5 magnitude earthquake every 10 years.
the located earthquakes have delineated a concentrated fault zone which
strikes in a direction of 140°, dips with an angle of 45°, and intersects
the surface only a few kilometers away from the proposed dam site.

The thickness of this fault zone is about 15 km. and the depth distribu-
tion is 0-40 km, with a concentration of activity at 18-20 km. Around

80% of the earthquakes located within a distance of 100 km from the pro-

posed dam site are found in this zone.

A detailed analysis of the faulting mechanisms in various parts of the zone
shows a predominance for normal faulting, with an axis of maximum tensional
stress roughly perpendicular to the strike direction of the zone. It is
possible that the fault planes near the surface are dipping more steeply
than at greater depths. Some of the faulting mechanisms near the bhottom

of the dipping zone are reverse.

The stress pattern as derived from the local measurements are consistent
with what should be expected for this part of eastern Africa, and the
strike direction of the delineated fault zone coincides with the domi-
nating direction for the geologically mapped faults in the area. There
is however, a poor correlation between these faults and the local seis-
micity, with the possible exception of a fault that runs through the

proposed site for Saddle Dam No. 1.

A probabilistic seismic risk analysis. using'the Cornell technique with
a detailed model for the seismicity in the area has resulted in an
estimated peak ground acceleration (hard rock) of 0.25 g at the 10-3 per
year probability level. In comparison with previous estimates, this

is an increase by 0.05 g. caused primarily by the presence of the
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concentrated fault zone very close to the proposed dam site. The data
are not counsidered sufficiently reliable for an extrapolation to a

10~4 per year probability level.

A deterministic analysis of the seismic risk in the area shows that there
historically (~70 years) probably has been no earthquake above 6.0 in
magnitude within 100 km from Stiegler's Gorge. The delineated fault zone,
however, has the capacity for accomodating even larger shocks, and we have
on that basis assigned a magnitude of 6.5 to the Maximum Credible Earth-
quake (MCE). Assuming a focal distance of 20 km and average attenuation
telationships, that earthquake would cause accelerations around 0.35 g

at the proposed dam site, and this is our recommended deterministic value.
It is possible to argue, however, on the basis of the size of the

fault zone, that the MCE level should be closer to 7.0 in magnitude,

in which case the associated acceleration would be increased by up to

50%.

There is a definite potential for induced seismicity in relation to the
Stiegler's Gorge Power Project, and the reservoir should not be impounded

without proper local seismic monitoring.
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