NOR%R ROYAL NORWEGIAN COUNCIL FOR SCIENTIFIC AND INDUSTRIAL RESEARCH

DE

3 AJJ:M';E;TE TILHORER Nopsa
ET IXKKE ER STErm:

HUTGATF AV NChaa JERB!S-'-EMPLE

Det kan inp, 3 ‘BLICTEK

e e
SO CAR ved [391‘—10

Technical Report No. 2/77

kallgs N

n
o o

STIEGLER'S GORGE SEISMIC NETWORK

A Proposal for Monitoring Seismic Activity
in the Stiegler's Gorge Area, Tanzania

Hilmar Bungum
NTNF/NORSAR, Kjeller, Norway

31 March 1977




STIEGLER'S GORGE SEISMIC NETWORK

A Proposal for Monitoring Seismic Activity
in the Stiegler's Gorge Area, Tanzania

H. Bungum

NTNF/NORSAR, Kjeller, Norway

31 March 1977

This project was undertaken by NTNF/NORSAR
for Hafslund R/S, Oslo, Norway

Technical Report No. 2/77
NORSAR Contribution No. 225

16






ABSTRACT

For artificial reservoirs as large as the one proposed for the Stiegler's
Gorge area in Tanzania, there are strong general recommendations

for installation of seismic networks for monitoring of earthquake activity
before, during and after water impounding. An investigation of the
conditions for induced activity has furthermore revealed that the
Stiegler's Gorge area is one which has a definite potential for such
induction. The various requirements on microearthquake monitoring net-
works are discussed, followed by a detailed proposal for the configura-
tion as well as the instrumentation of an array called the Stiegler's
Gorge Seismic Network (SGSN). The proposed array, which has 7 elements
distributed over an area of about 50 km in diameter, should be able to
detect events down to a magnitude of at least one, with a location
accuracy of about 1-2 km. The proposed instrumentation is based on radio
telemetry and digital recording, and provides great opportunities for a
sophisticated and flexible data analysis. An cutline of the requirements
on and the purpose of such analysis is also given. The costs of thé
proposed solution are about N.kr. 533 000, excluding the subsequent data

analysis.
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INTRODUCTION

It is well known that the building of large dams, with the subsequent
accumulation of large water reservoirs, in many cases has induced seismic
activity in the immediate vicinity of the dams. In six of these cases
{possibly seven) earthquakes of magnitude (mb} greater than 5 have been in-
duced, accompanied by both foreshock and aftershock activity (Simpson,
1976, Gupta and Rastogi, 1976, Rothé, 1970, 1973; Bozovié, 1974, Bufe

et al, 1976, Gough and Gough, 1970; Carder, 1945). These cases are:

1. Koyna, India m = 6.5 (1967)
2. Kremasta, Greece m, = 6.3 (1966)
3. Hsinfengkiang, China m, = 6.1 (1962) Table 1.1
4, Kariba, Rhodesia m, = 5.8 (1963)
5. Hoover, U.S.A. m = 5.0 (1939)
6. Marathon, Greece m, = 5.0 (1938)

Two of these earthquakes (Kremasta and Koyna) caused loss of life and
severe property damage, and considerable damage of the dam structures
themselves were inflicted both for the Koyna and the Hsinfengkiang dams.
In none of these cases had the pre-impounding seismicity been studied,
so that large difficulties arose in determining the exact nature of

the seismicity induction.

All of these now well-known examples of large induced earthguakes had
occurred by the end of the sixties, and they resulted in a considerable
activity directed towards a mitigation of such earthquake risks. The

following four points describe some of this activity:

I. A UNESCO Working Group con "Seismic Phenomena Associated with Large
Reservoirs" was appointed, and recommended during its first meeting
in 1970 that instrumental studies and surveys at the sites of large
reservoirs be planned in the following two phases. Phase 1 should
coincide with the feasibility stage of the project and include (1)

a study of historical seismicity, (2) a preliminary geological and
geomorphological survey, and (3) a preliminary investigation of
pre-impounding seismicity. Phase 2 should depend on the results from

phase 1, it should commence one to two years before impounding, and

include (1) a more detailed geological and neotectonic survey, (2)
installation of permanent seismological instrumentation, and (3)

possible other work.
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At a later stage, the Working Group specifically stressed that

the permanent seismological stations be installed well in advance

of reservoir impounding, and that these stations should continue

to operate for a few years after impounding even when a particular

reservoir does not show any seismic effect. Upon the invitation
from the Working Group, a report was published which included detailed
recommendations for suitably instrumenting the artificial reservoirs

(Adams et al, 1973).

A UNESCO "Intergovernmental Conference on the Assessment and Mitigation
of Earthquake Risk" was held in Paris in February 1976. The adopted
Resolution 8.41 reads as follows (UNESCO, 1976):

"In order to ensure the greatest possible protection of

dams and downstream populations from risks associated with
induced seismicity, the Conference recommends to Member States
in which large reservoirs are planned that detailed seismic
surveillance be carried out to obtain good hypocentral control
and source parameters of the earthquakes in the reservoir area
from two years or more prior to the beginning of construction.
Furthermore, it is recommended that measurements of initial
stress near the deepest points of the future reservoir be carried
out by the available techniques such as hydraulic fracturing and
overcoring strain rosettes, as a means of understanding the
mechanism of induced seismicity after filling.

For the purpose of this resolution a 'large reservoir' is
one which will have a maximam depth exceeding 100 m and a
& - 3 3 mw

maximum volume exceeding 10 m  at operational level.

The International Committee on Large Dams (ICOLD) appointed in 1970
a "Committee on Earthguakes", with the purpose of studying the
influence of earthquakes on dams, and to review current practice
and recommendations in this respect. In their report the Committee
states (ICOLD, 1975):

"Earthquakes of appreciable intensity are experienced even in

low seismicity areas. Accordingly, all large dams should be
designed with due consideration for earthquake load."

It follows that a prerequisite for this is a sufficiently reliable

assessment of the earthquake risk.



4, In a personal communication, geophysicist A.K. Viksne from the

U.S. Bureau of Reclamation (responsible for all large dam projects

in the United States) states that seismic networks are now generally

implemented in the U.S. for dams with height 100 m and/or reservoir

volume 109m3, and he continues:
"As a general guideline, the Bureau [of Reclamation] seismic
monitoring programs to determine activity of geologic faults are
operated for at least two years, and in the case of large
reservoirs, seismic monitoring is advisable at least two years
prior to construction of the reservoir and then should be con-
tinued through the construction phase, and subsequently at
least through two cycles of filling of the reservoir. This
of course is the minimum time span for a microseismic monitoring
program before some degree of confidence can be assigned to

the results, and whenever possible, a longer time period of
monitoring should be recommended."

The large dam which is presently under consideration for the Stieglex's
Gorge area in the Rufiji basin of Tanzania will possibly raise the water
level more than 100 m, with a water volume of more than 1010m3. Considering
these large dimensions, and the strong recommendations quoted above,

this all adds considerable weight to the proposal of implementing a

Stiegler's Gorge Seismic Network.

The purpose of this report is to propose, in details, such a microearthquake
monitoring network for the Stiegler's Gorge area. The investigation includes
necessary background information on induced seismicity in general and

the seismicity of Tanzania in particular. This is followed by a detailed
proposal for the confiquration of the network, including a recommendation
for type of instruments, data transmission and recording facilities.

An evaluation of the network capability in terms of expected detection

and location performance is then included, followed by a proposal for

the analysis of the recorded seismic data. Finally, a cost estimate for

the project is given.



DAMS AND SEISMICITY

More than 30 cases of reservoir-induced seismicity are now known, six

of which are listed in Table 1.1. An extensive review of these cases is
given by Simpson (1976), and other reviews have been published by Carder
(1970) , Rothé (1970, 1973), Gupta et al (1972a,b, 1973), National
Academy of Sciences (1972), Bozovié (1974), Lomnitz (1974) and Gupta and
Rastogi (1976). In most of the cases when induced seismicity was found,

the following characteristics could be extracted (Gupta et al, 1972a):

L. The seismicity increased considerably after water impounding, and

epicenters are confined to the vicinity of the reservoir.

2. The seismicity increased or decreased with water level, the largest

earthquakes following a rapid rate of loading.

We will now discuss these and some other factors in more detail.

Seismicity and water impounding

Between the two characterstics mentioned above, this is the one which is
most difficult to establish, because the pre-impounding seismicity in
most cases has not been sufficiently well known. Typically, seismic in-
strumentation with sufficient sensitivity and location capability has
been installed only after the first induced earthquakes have been felt,

a factor which naturally tends to over-emphasize the seismicity increase.
Only in more recent years have pre-impounding seismicity surveys become

more common.

One of the best and most recent examples of induced seismicity can be
taken from the Manic 3 dam in Canada, as reported by Leblanc and Anglin
(1976). Some of their results are reproduced in Fig. 2.1, which shows

a very close connection between seismicity and rate of change of water

level. Based on the rapid seismicity increase during September and October
1975, a written warning was issued on October 20 from the Earth Physics
Branch of the Department of Energy, Mines and Resources (responsible for

the seismic investigations) to the Hydro Quebec (responsible for the dam).

The warning was based on data from only one station (MNQ, see Fig. 2.1),
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Fig. 2.1 Earthquake activity associated with the initial filling of
the Manic 3 reservoir, Canada, as recorded at station MNQ,
80 km from the dam. The main shock ( = 4.3) occurred on
October 23, 1975. The relative water level is also given.
(After Leblanc and Anglin, 1976.)
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Fig. 2.2 Earthquake activity associated with the initial filling of
the Manic 3 reservoir, Canada, as recorded by a temporal
threepartite station (VM, D3, T2). The figure shows the location
of about 50 aftershocks following the main shock (mb = 4.3) on
October 23, 1975. (After Leblanc and Anglin, 1976.)



and it said (1) that the activity was most likely induced, (2) that a
larger shock could occur, (3) that the responsibility to slow down the
rate of filling was Hydro's own, and (4) that three portable seismometers
should be installed in order to locate the source. Three days later, on
October 23, a shock of magnitude 4.3 occurred, and nobody, of course,
could know whether this was the main shock or just another foreshock.
Hundreds of workers were immediately evacuated from the powerhouse and

the tunnels, and portable seismometers were installed the same night.

The location of the main shock had been about 10 km behind the dam, and
in the next 5 months more than 1000 small events were located in the
same general area. About 50 of these epicenters are shown in Fig. 2.2,
and it was found that about 80% of the solutions were contained within

a volume of 4 x 4 x 4 km. No temporal change was found in the occurrence
of the aftershocks; it seemed that they were occurring at random within
a certain fractured volume. Leblanc and Anglin (1976) have indicated
that the activity could be explained by the infiltration of water into

an area of some inhomogeneity of the local basement.
There are many more examples of this kind, one of which is reproduced
in Fig. 2.3, referring to the Kremasta dam in Greece, where the main

shock had a damaging magnitude of 6.3 (Galanopoulis, 1967).

Seismicity and changes in water level

This is the second typical characteristic of reservoir-induced seismicity,
and one naturally needs several cycles of filling to establish the
connection. One of the best examples is from the oldest known case of in-
duced seismicity, at the Lake Mead (Hoover dam) in the United States.

Fig. 2.4 shows that there was for a number of years a clear positive
correlation between seasonal lake load and local seismicity (Carder, 1968,
1970, Mickey, 1973).Little instrumental data were available during the
initial filling of the reservoir, while the earthquake activity for the
following years (1938-44) was found to be tied to existing faults and
confined to an area within 25 km from the lake (Carder, 1945, Rogers

and Gallanthine, 1974).

Another and more recent example is shown in Fig. 2.5, referring to the

Vajont reservoir in Italy (Galanopoulis, 1967). About 250 small earthguakes
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Fig. 2.3 Kremasta Lake elevations and earthquake frequency in the
region. (After Gupta et al, 1972a.)
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Fig. 2.4 Lake Mead (Hoover Dam) water levels and local seismicity. For
the years 1936 and 1937, only felt shocks are plotted (Carder,
1945). General trend of tremor frequency variation is shown
by dotted lines. (After Gupta et al, 1972a.)
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were located during the years 1960-63, all within 2.5 km from the dam.
It is seen from the Fig. 2.5 that the correlation with the water level

is guite clear.

Returning to some of the more disastrous cases again, Fig. 2.6 now shows
the relation between water level and earthgquake frequency for Koyna,

the Kariba and the Kremasta dams. The correlation is indeed striking,
and these and other empirical data led Gupta et al (1972a) to the con-
clusion that some of the main factors affecting the earthquake frequency
near reservoirs were: (1) the rate of increase of water level, (2) the
duration of loading, (3) the maximum load reached, and (4) the period

for which the levels are retained.

The largest induced earthquakes

The typical reservoir-induced earthquake characteristics presented above
have demonstrated the importance of local seismic surveillance covering
the pre-impounding time period as well as several cycles of filling.
Moreover, a reasonable location accuracy should be obtained for an area
of at least 30 km around the center of the reservoir. There are, however,
some ilmportant characteristics specifically tied to the largest induced
earthgquakes, which of course are the most interesting ones from a seismic

risk point of view.

Fig. 2.7 shows the filling curves and time and magnitude of the largest
earthguake for five of the cases listed in Table 1.1. In the case of the
Oroville dam the causal relationship for the earthguake activity is not
clear, and we have therefore omitted this event from Table 1.1. The most
interesting information in Fig. 2.7 is shown more clearly in Fig. 2.8,
where the time lag between the first filling and the largest earthquake

is plotted against magnitude. The straight line due to Scholtz et al (1973)
is a well-known relationship from earthquake prediction, relating

the time duration of earthguake premonitory phenomena to magnitude.

The phenomena are accounted for by an assumed dilatancy instability

by which the diffusion of water into the focal region is of prime im-
portance (Nur, 1972). According to this theory (which is not universally
accepted), the dilatancy mechanism is an instability from which there

is no other return than through an earthquake. Regardless of theory,
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however, the straight line in Fig. 2.8 holds as an empirical relationship,
and it is interesting to note that a similar relationship seems to hold
(with the exception of Kremasta) for reservoir-induced earthgquakes. What

it means, in other words, is the following:

If the potential for a large reservoir-induced earthquake is

present, the potential magnitude will increase with time.

From Fig. 2.8 we find the following guiding relationship for the magnitude

of the event:
mb =1.0+ 0.5+ 1.5 loglo T

where T is elapsed time in days since the completion of the first stage
of filling of the reservoir. One practical implication of this is the

need to continue the local seismic surveillance for a sufficiently long
time, in the hope of detecting possible precursors (such as changes in

the local seismic regime).

Possible mechanisms of induction

The mechanisms of induced seismicity are still subject to considerable
discussion. It should be noted, however, that for a majority of the dams,
the impounding of water does not lead to any noticeable change in the
seismicity of the area. In one case, when the reservoir was located in an
area of considerable natural seismicity, it was found that the activity

in fact decreased during the initial stages of filling (Jacob et al, 1976).
It is therefore evident that local geoclogical conditions (in the wide
sense) are more instrumental for induced earthquakes than the reservoir
itself. The former define the pre-impounding stress regime and the latter
creates added stresses, and a change in the seismicity regime is the

result of an interaction between the two (Simpson, 1976).

There are primarily two ways in which the reservoir can affect the stress
environment, first, through the stress increase due to added load, and
secondly, through @an increase in pore pressure which decreases the ef-

fective stress. In their discussion of the Kariba earthquakes, Gough and

Gough (1970) consider the stress-triggering effect to be the most important

one, i.e., the effect of the added stress in triggering large initial
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stress. However, the importance of the pore-pressure effect (increased
fluid pressure) is actually better demonstrated, in experiments where
seismicity changes are caused by injection of fluid under high pressure
(Healy et al, 1968, Raleigh et al, 1976, Fletcher and Sykes, 1977).
Simpson (1976) found that the factors controlling reservoir seismicity

could be grouped in three main areas: (l) pre-existing stress (orientation,

magnitude of stress, rate of stress accumulation), (2) geological and

hydrological conditions (faults, hydro-mechanical rock properties, hydro-

logical conditions), and (3) the reservoir (size, temporal changes in

water level).

Even though the different factors of importance for induced seismicity

are now known, much less is known about their relative importance and

their interaction in any particular case. One important unanswered question
for example, is whether only the time for the stress release changes
(triggering effect), or if the magnitudes of potential earthquakes also

can be modified. Some patterns are emerging, however, which can assist

in assessing the potential for seismicity induction in a new area

(Simpson, 1976):

1) The potential for induced activity seems to be highest in areas

of strike-slip or normal faulting.

2) Most induced activity is confined to areas of high to moderate
strain accumulation, the latter areas being most susceptible

to major seismicity changes.

3) Little induced activity has been found in areas of low strain

accumulation.

These three points are the most important ones to be kept in mind when
we now look somewhat closer at the seismicity of Tanzania in general

and the Stiegler's Gorge area in particular.
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SEISMICITY OF TANZANIA

Reports on the seismicity of Tanzania have been published by Ambraseys
(1972) and Bath (1975), and brief discussions have also been given by
Anderson (1976) and by Ringdal (1977). In the present report, we will
review the topic only to the extent which is considered necessary as
background information for the proposal of a seismic network in the
Stiegler's Gorge area. In this respect, a consideration of the potential

for seismicity induction is one of the most important problems.

Major seismotectonic features

The seismicity of Africa south of 10°N is dominated by the seismicity

of the East African Rift system, an outline of which is given in Fig. 3.1.
(Gutenberg and Richter, 1949, 1954, Rothé, 1954; Sutton and Berg, 1958,

De Bremaecker, 1959, Sykes and Landisman, 1964; Wohlenberg, 1968,
Fairhead and Girdler, 1971). It is seen in this figure that the rift
system, in dividing the Somalia plate from the Nubia plate, branches into
two sections south of SON, one on each side of Lake Victoria. The Western
Rift is the one which is most extensively studied and also the one which
is most active seismically, whereas the Eastern (Gregory) Rift is the

one which is of particular interest to us because it extends all the way

into the Rufiji Basin of Tanzania (Maguire and Long, 1976).

The East African Rift System is one of the few areas on land where one
can study the effects of major extensional tectonics. It differs also
from oceanic rift zones in that the associated seismicity is much more
dispersed, as demonstrated in Fig. 3.2 and also in Fig. 3.3. This has
been interpreted by Oxburgh and Turcotte (1974) as characteristic of

a propagating fracture system caused by membrane stresses in the litho-
sphere, being due to the northward movement of the African plate on a
non-spherical earth. In fact, there is clear geological evidence of
crustal extension over a relatively wide area (Searle, 1970). While the
seismicity of Kenyva is only moderate, Fig. 3.3 shows that more activity
is associated with the rifting in northern Tanzania, where the rift

fans out in a number of east-facing fault scarps (Fairhead and Girdler,

1971). It is seen from the fault map in Fig. 3.3 that the faulting
pattern is quite complex, although with a general orientation in the

direction of the rifting axes. Earthquake focal mechanisms from the
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Fig. 3.1 Outline of the East African Rift System. (After
Darracott et al, 1973.) Black dot indicates location
of Stiegler's Gorge.
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area (Sykes, 1967, Fairhead, 1968; Baughar and Sykes, 1969; McKenzie

et al, 1970, Fairhead and Girdler, 1971) are presented in Fig. 3.4,
showing only strike-slip and normal faulting. Of particular interest
here are the three events around Lake Victoria, where the two in the
Western Rift are associated with normal faults with maximum tension
perpendicular to the rift. The strike-slip solution for the earthquake
in Tanzania, on the other hand, is more difficult to reconcile with the
local geology, because the strike of the faulting in the area (NSOOE)
does not coincide with any of the nodal plane directions. Guided by

the more regional pattern of solutions for eastern and southern Africa,
however, Fairhead and Girdler (1971) have suggested that the fault plane
is the one striking NW-SE.

We can conclude from this that the seismotectonic patterns in the Tanzania
region, being located in the southern end of the Gregory Rift, are quite
complicated and dispersed. This is supported by geologic information

as well as earthquake distribution and focal mechanisms.

Seismicity of the Rufiji Basin

The studies of Ambraseys (1972) and Bath (1975) are the two most extensive
ones covering the seismicity of Tanzania. However, the coverage of the
seismic stations has been generally poor and not very stable in time,
resulting in relatively inhomogeneous earthquake catalogues. The main
event here was the installation of the African network IRSAC in 1956,

from which time the quality of the earthquake reports increased considerably.

Bath's (1975) seismicity map for Tanzania is reproduced in Fig. 3.5

(see also Fig. 3.3), where it is seen that the main activity is concen-
trated in the northern and western parts of the country, outside the
Stiegler's Gorge area. The map covers only the larger events, however,
and Fig. 3.6 shows, based on the data of Ambraseys (1972), that the
Rufiji Basin is far from seismically inactive. That map (Fig. 3.6) covers
only the time since the installation of IRSAC (1956), which explains

the increased detectability. However, there is still a considerable

inhomogeneity in the catalogue, which we can see simply from the fact

that most of the events in Fig. 3.6 are from one single year (1966).

We can therefore safely assume that the occurrence of small and intermediate
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Fig. 3.4 Map showing seismicity of Africa (1963-1970) and
fault plane solutions available for Africa at the end
of 1970. (After Fairhead and Girdler, 1971.) Large black
dot indicates location of Stiegler's Gorge.
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earthquakes is much larger than indicated by available catalogues. A
confirmation of this is the fact that a hitherto unreported earthquake

in 1976 was clearly felt by Geoteam A/S personell (W. Hoffman, personal

communication) in Stiegler's Gorge.

Besides the problems with inhomogeneity and time-varying detectability,
there are also considerable uncertainties in the locations of the earth-
quakes in the available catalcgues. We consider that the location accuracy
is not better than 10-30 km in most of the cases, and probably even

worse in many cases.

We conclude that the seismicity in the Rufiji Basin area is moderate,
located as it is in the immediate vicinity of the southern extension of

the Gregory Rift. As such, the area is probably one of moderate strain
accumulation, which in Chapter 2.4 was identified as areas most susceptible
to major reservoir-induced seismicity changes. Moreover, the general area
is one of strike-slip and normal faulting, which fulfills another of the
criteria for an area with potential for induced activity. A Stiegler's
Gorge Seismic Network, a proposal for which the rest of this report will

be devoted to, could therefore become of vital importance for the safety

of the people and the installations associated with the Stiegler's Gorge

Power Project, as well as for the areas of the lower Rufiji Basin.
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STIEGLER'S GORGE SEISMIC NETWORK

The previous chapters have been used for the dual purpose of (1)
investigating the possible need for a seismic network around Stiegler's
Gorge, and (2) obtaining information needed for the design of such a
network. In the following chapters, we will present a detailed proposal

for a Stiegler's Gorge Seismic Network, hereafter also called SGSN,

Purpose of network

There are two main purposes for a SGSN, the first and dominating one
being the need to monitor the local seismicity before, during and after
the impounding of water in the reservoir. Since the natural seismicity
of the area is poorly known, it is especially important to conduct

a thorough pre-impounding seismicity study. This would help in two ways.,
(1) in order to provide seismicity parameters of importance for the
construction (dimensioning) of the dam, such as earthquake time-space
distribution (possibilities of active faults), seismicity levels (magni-
tude, acceleration), signal duration, attenuation, and other parameters,
and (2) in order to provide the necessary background for the monitoring
of possible induced seismicity (the need for which is documented in the

previcus chapters).

The second purpose of the network is tied to the way in which it would
provide important supplementary data for the general risk analysis for the
area. Such an analysis would have to be based on all available earthquake
catalogues and reports from the whole general area of eastern and southern
Africa, and the local data would enter basically for calibration purposes.
The need here is evident especially with respect to seismic magnitudes,
where available catalogues appear to be inconsistent, and where a local
network could be used to establish a local magnitude scale which should

be calibrated against teleseismically recorded magnitudes.

Requirements on confiquration

The map in Fig. 3.6 gives a rough idea of the river system in the Rufiji

Basin, the location of the dam and the possible size and location of the

resulting aritificial lake. Although this has not yet been finally deter-

mined, we understand from Hafslund A/S (R.J. Strand, personal communication)
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that the water level will probably be increased from about 75 to at most

185 m, resulting in a lake with a wvolume of 25 - lOgmB, covering an area

of 1100 km2 (roughly 10 x 100 km, see Fig. 3.6). Estimates of the minimum
numbers are 160 m, 10 - 109m3, and 600 kmg, respectively, This is a very

large reservoir, the definition of which was given in Chapter 1 as

at least 100 m in water depth and/or 109:113 in volume.

Two of the purposes of the network lead to partially conflicting require-

ments on the configuration:

1) Monitoring of the seismotectonic activity in the immediate vicinity
of the dam would require a network of 5-10 stations within an
area with radius about 1 km around the dam. A manufacturer's proposal
for such a system is included in Appendix D. The detectability of
such an array would normally be below zero in magnitude, and
events within the array could probably (after calibration of the
area using explosions) be located with an accuracy of around 100 m.
It is obvious that this would give an excellent coverage of the

microearthquake activity at the dam site.

2) Monitoring of the earthquake activity in the immediate wvicinity
of the reservoir would require a network of 5-10 stations within
an area with radius about 30 km around the center of the reservoir.
A manufacturer's proposal for a similar system is included in
Appendix E. It will be demonstrated below that the location accuracy
of this array would be in the order of 1 km (Chapter 6).

Between these two purposes we have to give priority to the second one,
because of the importance of monitoring possible induced seismic activity.
In order to simultaneously serve the first purpose, however, we should
make this configuration such that a better coverage is obtained in the

dam end of the reservoir.

In addition to these ideal requirements the practical solution depends
also heavily on the physical scolution for instrumentation and data record-
ing and transmission. We understand from Hafslund A/S that with distances
from the main camp in Stiegler's Gorge in the order of 30 km one should

not expect access to each site more than about once every month (because



= GG -

of costs and availability of helicopter transport). With that restriction
it would be very difficult to find a solution based on individual recording
at each site, because (1) data storage problems would give poor time
resolution and/or poor detectability, (2) there could be problems with
power supply, (3) long time intervals of non-operation would be likely

to occur (possibly requiring more sites), and (4) very long delays would
occur in the data analysis. This leaves us with a requirement for data
transmission using telemetry, and for simple practical reasons it would
have to be radio telemetry. What this means for the configuration of the
array is that as many as possible of the sites should have a direct sight
to the Central Recording Station (CRS), in order to avoid the expenses
and the practical and logistical problems with repeater radio stations.
In the Stiegler's Gorge area, the cbvious choice for the CRS is the main
camp, and it is with all these requirements in mind that we have arrived

at the solution to be presented below.

Siting considerations

The selection of the site for each sensor must necessarily be a compromise
between several partially conflicting requirements. Some of these, regarding
the configuration, have been discussed above. Some other site criteria

are:

Accessgibility. For SGSN we assume that helicopter transport must be used
for all sites. We understand that landing spots are expected to be available
within a very short distance of practically every point on the map, with the
exception of the very limited forested areas. Another important restriction
here is that no site should be located in an area to be flooded later,

even if several years of operation during the pre-impounding period is

be planned. This is because of the desired stability and consistency of

the data analysis (one should not be faced with the problems of a changing
configuration) as well as the practical problems with the moving of sites.

Finally, the distance from the Central Recording Station is important, both

with regard to helicopter access and to the data transmissions.

is available. For the Stiegler's Gorge area, batteries (or preferably

solar cells) are needed regardless of site.
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Geological requirements. These are as follows: (1) Bedrock should be as
competent and homogeneous as possible, (2) Igneous bedrock is preferable
to sedimentary or metamorphic bedrock, (3) Geologic structure of the

region should be as simple as possible, (4) The amount of desired over-

burden is 1 to 3 m for surface seismometer vaults.

Seismic_noise. These effects should be minimized by (1) avoiding cultural
activities (such as roads, blasting, machines, etc.), (2) avoiding trees
within 100 m from the site, (3) avoiding large rivers, waterfalls, etc.,
(4) preferring flat topography over mountains, (5) preferring the leeward

side of hills and mountains.

each site and the Central Recording Station. Repeater stations could be

used, but avoided if possible.

Equipment security. Due consideration should be given to such possibilities

as theft and vandalism.

Environmental effects. Due consideration should also be given to the

effect that construction, installation and operation will have on the

environment and ecology of the site.

A suggested solution

Our proposal for the configuration of the Stiegler's Gorge Seismic Network
is presented in Fig. 4.l1. As a basis for our solution we have used seven
topographical maps (provided by Hafslund A/S) scaled 1:50000. In Fig. 4.1
we have mounted these maps together and scaled them down a factor of 10,
besides drawing contours with a heavier line for each 300 ft. The maps

are not of high quality, and especially so for the two in the upper left
corner, where elevation contours are not provided. Consequently, stations

0l and 07 are the most uncertain ones with respect to location.

In Fig. 4.2, which also shows the proposed configuration, we have blackened
the area which would be covered by the reservoir with a water level of
600 ft or 183 m, which we understand is the highest of the alternatives

now being considered. The geographic and UTM cartesian coordinates for
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Fig. 4.1 Proposed configuration for the Stiegler's Gorge Seismic Network
(SGSN). Circles are drawn at distances of 10, 20 and 30 km around
the dam site at Stiegler's Gorge. The central point to which
straight lines from each site are drawn, is the suggested Central
Recording Station at the main camp. Map scale 1:500000.
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Fig. 4.2 Proposed configuration for the Stiegler's Gorge Seismic Network
(SGSN) together with an outline of the water level if reaching
an elevation of 600 ft or 183 m. Map scale 1:500000
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suggested sites are given in Table 4.1, read directly from the map. The
cartesian coordinates relative to CRS at main camp are given in Table 4.2,
where also the distances from each site to CRS are given. These distances
are important with regard to the technical solution of the radio tele-
metry problems, where the transmitted power (because of power supply
problems) should be as low as possible, with due regard to the quality

of the data transmission. It should be noted here that the desired ac-
curacy for the coordinates (from a seismological point of view) is

around 10 m, with an upper acceptable limit of 100 m. This means that

the coordinates should be measured in the field following the installa-

tion of each seismometer.

More detailed maps of the suggested locations for CRS and SGSN seis-
mometers nos. 1-7 are given in Figs. 4.3-4.10. We will now comment

briefly on each of the proposed sites.

Gorge Power .Project is located at a small hill immediately north of the
dam site. The camp includes buildings which we understand could house
the CRS, and we consider it important to use this possibility. The solu-
tion would imply a very short distance between the antenna and the CRS.
If one should find later that a repeater station is needed for one or
more of the seismometers, a natural choice would be the high peak which
is seen about 6-7 km NE of the main camp. From that hilltop, a direct

sight would be obtained to practically every point in the area of interest.

Seismometer no. 1 (Fig. 4.4). The site selected for this seismometer should
only be considered as a tentative suggestion, because of the poor quality
of the map. It could be desirable (from a configuration point of view) to
have this site moved a few kilometers to the north, possibly in the NNW
direction. The final site selection can be done only after an inspection

in the field.

there should not be any telemetry problems. One should consider moving

the site to a place with less exposure topographically than the present
hilltop location.



Station Lat (S) Long (E) NS (km) EW (km) Elev (m)

01 7°44.59" 37°53.57' 9144.1  377.9 300

02 7°51.85' 138°03.04' 9130.8  395.4 190

03 8°05.91' 137°56.00' 9104.7  382.4 310

04 7°56.59' 37°50.49' 9122.0  372.3 200

05 8°14.85' 37°42.43' 9088.2  357.6 230

06 7°56.46' 37°34.48' 9122.0  343.0 300

07 7°44.02' 37°43.86" 9145.1  360.1 300
cRs .~ 7°47.47" 37°50.85' 9138.7  372.9 250

Table 4.1 Geographic and UTM cartesian coordinates for the proposed
Stiegler's Gorge Seismic Network, as read from topographic
maps. The network is located within UTM zone 37.

Station NS (km) EW (km) Distance (km)
01 5.4 5.0 7.4
02 =7.9 22.0 23.4
03 -34.0 9.5 35.3
04 =16.7 -0.6 16.7
05 -50.5 -15.3 52.8
06 -16.7 -29.9 34.3
07 6.4 -12.8 14.3

Table 4.2 Cartesian coordinates for the proposed Stiegler's Gorge Seismic
Network, relative to the Central Recording Station (CRS). The
distances are also relative to CRS.
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Fig. 4.3 Suggested location for the Central Recording Station (CRS)
near the main camp at Stiegler's Gorge. The black area is
green on the original map, indicating forested land. Map
scale 1:100000.
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Seismometer no. 3 (Fig. 4.6). The only problem we can see with this

site is the possibility of being shadowed by the hilltop 5-7 km from CRS.

In that case, the site could be moved in the SSW direction.

There will be no telemetry problems, but with a water level of 600 ft

the site will be practically flooded. Moreover, a water level that high
will require saddle dams and consequently construction activities in

the immediate vicinity of the sensor. The reason why we then still propose
a site there is its essential location with respect to the reservoir

and the dam, being the center instrument of the array. Moreover, if we
plan for, say, several years of both pre- and post-impounding data
recording, the site will be of limited use (during the construction

period) only for a relatively small part of its lifetime.

Seismometer no. 5 (Fig. 4.8). It is seen from Table 4.2 that this site
is proposed at a distance of 53 km from the CRS, and it could therefore
require more power than the others. Moreover, there could be problems
with the line of sight. However, since the southern part of the reservoir

is not as well covered in our proposal, this is also an important site.

e . . e i e e Sk e A B B B S e i ey S S

except that a somewhat less exposed location possibly should be found.

Seismometer no. 7 (Fig. 4;}91. The location of this site is as uncertain

as no. 1, and for the same reason. It does not seem, however, as if there
should be many problems with the line of sight. A location scmewhat

farther away could be of interest, and especially if no. 1 is moved NW.

Concluding remarks

It should be kept in mind when the sites are finally selected that various
seismological capabilities of the array will not be significantly affected
if any one of the seismometers is moved within a radius of, say, 4-6 km
from the suggested location. That should give some capabilities to make
allowance for factors which we at this stage have not been able to

consider.
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Fig. 4.8 Suggested location for SGSN seismometer no. 5. Map scale

1:100000.
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Fig. 4.10 Suggested location for SGSN seismometer no. 7. Map scale
1:100000.
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A more important possible modification is tied to the solution chosen
for the recording at CRS. The seven channel array proposed here has been
designed primarily from seismological considerations, i.e., to obtain

a sufficiently reliable seismic surveillance of the area with a minimum
number of sensors. However, if the suggested (see Chapter 5) B-channel
recording unit is chosen for the CRS, one should consider installing one
more seismometer. A natural re-distribution of sites will then be to
move no. 6 SW (see Fig. 4.2) to somewhere around 8004'5, 37031'3, and

to install a new seismometer somewhere around 7049'5, 37034'E. The
resulting B-sensor array is then more balanced with respect to coverage
of the reservoir, having 3 sites on each side of the lake, one in a
central position, and one beyond the dam. This solution is presented in

Fig. 4.11.

Another possible and maybe more important alternative for the exploitation
of an 8-channel recording system is to record one of the seismometers

also at low gain. This is to prevent overloading by the larger events,

and is indeed guite an important option. Any one of the seven seismometers
could be used here, since the purpose is only to provide a means of

measuring magnitudes also for larger events.
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Fig. 4.11 An alternative solution for the configuration of SGSN, based
on 8 seismometers. Map scale 1:500000.
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NETWORK INSTRUMENTATION

For the purpose of this report, a number of manufacturers of seismological
equipment were approached in order to find out what could be available

for the instrumentation of the Stiegler's Gorge Seismic Network. Also,
seismologists with personal experience in microearthquake surveys were
contacted (and reports were studied, of course) in order to obtain inde-
pendent opinions on the feasibility and the reliability of the various

systems.

General considerations

Two of the most essential requirements on instrumentation are as follows

(see, e.g., Bolt and Hudson, 1975, Adams et al, 1973):

3% The instrumentation should be as physically reliable as possible,
and one should be able to keep it operational for 5-10 years.

2. The instrumentation should be of high quality, and give as good
data analysis flexibility as possible,

These two requirements are partially conflicting because a system with
the highest level of operational stability quite often is not the one with
the highest level of sophistication, and a tradeoff between these factors
is therefore normally required. With respect to operational stability

and reliability, it is always a point to look for systems with a satis-
factory field performance, and which already have been tested under dif-
ferent physical (environmental) conditions. Moreover, the level of
sophistication one can choose is clearly dependent on the technical
competence of the operational staff, It is in this respect essential
that the purchaser is willing to pay for, and the manufacturer is able

to offer, both a supervision of the installation and a training program

for the personell in charge of the daily operations.

We stress at this point that the microearthguake systems discussed in this
section are not claimed to constitute a complete survey of available in-
strumentation. Rather, we have attempted to cover solutions which are
logistically different, and then select the one alternative within each
category which appears to us to be most appropriate for the SGSN. The

corresponding cost estimates are those given by the manufacturer for that

particular system.
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Self-contained units

‘Analog systems

g e e e [ e e

The traditional and most widely used solution for earthquake monitoring
systems is based on independent units with analog recording on paper. This
is clearly the system with the best operational stability, and it is usually
also the least expensive one. An instrument which may be recommended here

is the Sprengnether MEQ-800, which seems to have several superior qualities.

It is (relative to similar analeg units) a light-weight, compact unit with
high data quality and modest power consumption, it has good timing and
calibration capabilities, and it can, with a low drum speed, record for

up to one week on the same piece of paper (giving very poor time resolution,
of course). Moreover, the MEQ-B00 has been successfully used in micro-
earthquake studies in many parts of the world. The manufacturer's presenta-
tion of the system is included in Appendix A, and prices are given in

Chapter B8.2.1.

We have been able to find only one commercially available system of

this type, namely, the Sprengnether DR-100, a system based on event

triggering and recording on casettes. One of the critical factors here

is again the data storage capacity. Even if recording is done only upon
triggering, the capacity of each digital casette is quite limited, and

the system can only be recommended if relatively frequent wvisits can be
made to each site. The manufacturer's presentation of the system is

included in Appendix B, and prices are given in Chapter 8.2.2.

Telemetry systems

Systems based on data transmission using (radio) telemetry and central

data recording can also be divided into analog and digital systems, although
analog paper recording in this case is usually no longer a viable approach.
However, the field system (including data transmission) would not have to
be different in the two cases, and the main line would have to be drawn

between solutions where (1) all data are recorded centrally on analog tape,

or (2) selected time intervals (from an event triggering system) are digitized

and recorded automatically on digital tapes or casettes.
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In each case one has to acquire a suitable number of radio frequencies
from the telegraph authorities in Tanzania. According to discussions with
Hafslund A/S, the lowest frequency should be 160.25 MHZ, and the other
frequencies should be higher in steps of 50 KHz (160.75 MHz, 161,25 MHz,...
etc.). The manufacturer must know these frequencies before radio trans-

mitters and receivers are built.

We have found that the following three systems each satisfy our general

regquirements:

(1) A complete system from Racal-Thermionic, based on data recording

using their analog Geostore tape recorder (Appendix C).

(2) A complete system from Kinemetrics, based on selected data recording
using their digital DDS-1105 Data Acquisition System (Appendices D, E
and F).

(3) The same field system from Kinemetrics, but based on data recording

using the analog Geostore tape recorder (Appendices D, E and F).

Price information for these systems is given in Chapter 8.2.3, where the
price for alternative (3) is obtained by the proper combination of
subtotals. It is noteworthy here that (3) is a complete solution offered
by Kinemetrics, only that they use the Geostore recorder (see Appendix E).
Our recommendation (see below) is for alternatives (2), (3) and (1), and
in that order.

Strong-motion instrumentation

Strong-motion accelerographs are also available both with analog and
digital recording, always with a triggering system. We see no reason for
recommending a digital solution in this case, and moreover, the analog
systems are presumably more stable operationally. Our recommendation is
for the Kinemetrics SMA~1l. A manufacturer's presentation of the system

is included at the end of Appendix F, with price information in Chapter
g.2.4.

A suggested solution

We will now present and discuss our alternatives in some more detail.

Alternative 1

Our recommendation for the instrumentation of the Stiegler's Gorge Seismic

Network is to go for a package solution of the type offered by Kinemetrics,
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using their digital DDS-1105 Data Acquisition System. Of primary im-
portance for our choice is that a digital solution is very much desired,
because of the much greater flexibility in the subsequent analysis of
the data (see Chapter 7). A prerequisite for this, of course, is that
the analysis is done in an institution with the proper competence and

experience within processing and analysis of digital seismic data.

One of the problems in suggesting a digital system is that it will imply

a delay of probably at least 2-4 weeks in the basic analysis of the data.
This could create difficulties because (l) a possible rapid increase

in seismicity during the periocd of impounding will be detected only

with a delay of at least one month, and because (2) there will be a

similar delay in the feedback of information regarding the quality

of the recorded data. However, the same problem will be present if a
solution with analog tape recording is chosen, as long as the data analysis

is not done locally.

It is because of this problem that we have suggested (see Chapter 8.2.3)
buying a Direct Write Recorder to be installed at the Central Recording
Station. One should have the option of plugging any one of the channels

(in parallel with the tape recording) to this recorder, in order to (1)
regularly control that sound seismic data is received from the seismometers,
and (2) to have a rough means of checking the earthquake activity with

no delay in time. It would, for partly the same reason, be of considerable
advantage to have independently a portable seismometer such as the

Sprengnether MEQ-800 in the area. If that unit arrived at the scene some

time before the main system, it could also be used in the final survey

of the sites in order to check out possible noise level differences.

Another problem in suggesting a digital system is that it is, being the
one with the highest level of sophistication, presumably more susceptible
to operational problems and failures than the simpler solutions. It is
therefore important to find out if the basic environmental conditions

for the DDS-1105 can be fulfilled in the Stieglex's Gorge area, and the

manufacturers should be asked independently of their opinion in this

respect. If this solution is chosen, we recommend the installation of
7 seismometers as suggested in Fig. 4.1, with the 8th channel used for

parallel low gain recording from one of the sensors.
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Alternative 2

If the suggested digital solution for some reason could not be used, we
recommend replacing the digital unit with an analog tape recorder, e.g.,
of the Geostore type, as suggested by Kinemetrics. It should not be
assumed, however, that the restrictions on the environmental conditions
are less in this case. With the Geostore recorder there would be 14
channels available for seismic data, in which case we recommend an 8-
seismometer array as suggested in Fig. 4.11, with a 9th channel used for

parallel low gain recording from one of the sensors.

Alternative 3

Only as a third alternative do we suggest a package solution similar to

that offered by Racal-Thermionic.

Both of the analog alternatives are based on the Geostore recorder, in
which case fairly expensive equipment for signal analysis would be needed
(see Chapter 8.2.3). Even with that, one would be nowhere near the data

analysis flexibility of a digital system.

e e B

We recommend four strong-motion accelerographs of the Kinemetrics type
SMA-1 to be installed at various points in the dam itself. Two of these
should be located to record earthquake motions at the foundation, and

two to monitor dam response (Bolt and Hudson, 1975). Since these instru-
ments cannot become operational before the dam is completed, we recommend
that one strong-motion instrument be installed as soon as possible near
the main camp, in order to record possible large events up to the time

of construction. It is evident that this could give important data with

implications on the design and the dimensioning of the dam.

Conclusion

In short, we recommend:

(1) acquisition of one portable seismograph (e.g.; Sprengnether MEQ-B00-B) as

soon as possible (autumn 1977). Cost about N.kr. 27 000 (see Chapter

8. 21 .
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(2) installation of one strong-motion accelerograph (e.g., Kinemetrics
SMA-1) as soon as possible (autumn 1977). Cost about N.kr. 11000
(see Chapter 8.2.4).

(3) installation of a Kinemetrics Seismic Monitoring System (or equiva-
lent system) with digital data recording (spring 1978). Cost about
N.kr. 495000 (see Chapter 8.2.3).

The costs for these and other alternatives are given in Chapter 8, where

also the operational costs are discussed.
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NETWORK EVALUATION

Many recent studies have successfully demonstrated the capabilities
and the potentials of small-scale seismic networks in investigating
microearthquake activity and various structural properties of the

area in the immediate vicinity of the stations (Seeber et al, 1970,
Hadley and Combs, 1974; Pennington et al, 1974; Menke and Jacob, 1976,
Rogers, 1976, Stauder et al, 1976, Armbruster et al, 1977, Combs and
Hadley, 1977). We will now briefly discuss the expected potentials

of the Stiegler's Gorge Seismic Network as it has been proposed in the

previous chapters of this report.

Simulation of events

In order to get some idea about the kind of data one could expect to
record within the SGSN, a simulation experiment has been conducted. We
have found a subset of the NORSAR arrray with (after translation and
rotation of coordinates) approximately the same configuration as SGSN.
The NORSAR seismometers used are identified in Table 6.1 and plotted
together with the SGSN seismometers in Fig. 6.1. Local events within the
NORSAR area (see Bungum et al, 1971a, Bungum and Husebye, 1974) are quite
scarce, but we have found the three given in Table 6.2. The seismograms
from Event 1, which is an explosion within the array, are reproduced

in Fig. 6.2 It is seen that the travel distances are between 6 and 58 km.
Event 2 (Fig. 6.3) and Event 3 (Fig. 6.4) are local earthquakes outside
the array, with travel distances between 40 and 94 km, and between 110
and 161 km, respectively. Our examples consequently cover 21 travel dis-
tances ranging from 6 to 161 km, and should therefore be a good illustra-
tion also of what one should expect to record with the proposed array in
the Stiegler's Gorge area. The differences between crustal structures

in the two areas will of course lead to certain differences between

the seismic records (such as in frequency content). However, the basic
composition of the seismograms will be as shown in Figs. 6.2-6.4, domi-

nated by the arrival of the P and S waves.

The examples given here can serve as good illustrations of two basic

problems in the analysis of such local data:
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S5GSN NORSAR Seismometer

No. No. Name NS (km) EW (km)
oL 23 03B05 11.4 20.4
02 2 01A02 -2.0 345
03 47 07B0O5 14.4 -20.2
04 10 01B0O4 21.0 -4.4
05 132 14c00 40.5 -30.2
06 57 02co3 46.8 -0.1
o7 13 02B01 25.3 24.9

Table 6.1 Correspondence between the Stiegler's Gorge Seismic
Network and a subset of the NORSAR array with about
the same relative configuration. A translation as well
as a rotation was needed in order to obtain the match.

Event Date NORSAR location SGSN location Source
NS EW NS EW
1 18 sep 75 -1.0 10.0 =13 g Explosion
2 23 Nov 76 -28.6 33.4 26 41 Earthquake
3 01 oct 73 -108.6 il o2 38 120 Earthquake

Table 6.2.Date and relative location of the three NORSAR recorded

events used for simulating real seismic data recorded
at the Stiegler's Gorge Seismic Network.
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The first problem is that there is (practically) no way in which a local
explosion (Fig. 6.2) can be discriminated from a local earthquake

(Figs. 6.3-6.4). This means that it is absolutely necessary that reliable
records are kept of all blasting in the area after the seismic instrumenta-
tion is installed, and that this information is available at the time the
data are analyzed. This will serve not only as a source of event identifi-
cation, but it will also be important for a proper calibration of the

area, i.e., for the derivation of crustal models important for the precision

with which earthquakes can be located.

The second problem is tied to the difficulties in identifying phases

(P and S) properly, and to determine their times of arrival. This problem
is complex and has not only to do with the guality (time resolution,
signal-to-noise ratio, etc.) of the seismic records (see, e.g., Bungum
and Husebye, 1271), but it is alsoc involved with the effects caused by
structural deviations from the usually assumed homogeneous and isotropic,
horizontally stratified crust (see, e.g., Ringdal and Husebye, 1977).

We will return briefly to this problem in Chapter 6.3.

Detectability

The detectability of a seismic network such as the one proposed for
Stiegler's Gorge is wvery difficult to estimate because there are many

unknown factors of great influence in this respect. Some of these are:

Noise level

This factor is practically unknown at present. It is known that the
average seismic background noise of the earth normally is in the range

of 1 to 10 nanometers at 1 Hz, a variation which means one whole magnitude
unit expressed in detectability. Moreover, considerable temporal variations
in the noise level should be expected (Ringdal and Bungum, 1977),
especially on account of the proximity of the array to noise souxces

in the Indian Ocean (see, e.g., Bungum et al, 1971b).
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Signal enhancement/noise suppression capabilities

With high quality digital recording simple methods are available by

which a signal-to-noise ratio of 10-20 dB above that of a paper seismogram
can be obtained. However, an automatic digital detection system (such as
the proposed Kinemetrics system) would have to operate with fairly high
thresholds in order to avoid too many false alarms. For NORSAR, these
thresholds are in the range 10-12 dB, corresponding to signal-to-noise
ratios in the range 3-4. There is consequently a notable difference
between the operational level of detectability and the optimal capability
of signal enhancement provided prior knowledge about the event (Bungum
and Husebye, 1974). In the case of analog tape recording some sort of
detection system would have to be developed using the playback system,
with the detectability depending on the amount of work put down in this

process.

A given claim on detectability may depend significantly both on method

of measurement (Ringdal, 1975; Berteussen et al, 1976) and on method of
magnitude estimation (Ringdal, 1976). The latter point is especially
important for local studies (Lee et al, 1972; Thatcher, 1973; Stewart, 1975),
and it is therefore quite important that a local magnitude scale be derived

for the Stiegler's Gorge area.

It is because of the complications just discussed that we want to be
careful in estimating an expected detectability for SGSN with regard to
local events. However, if we expect a performance similar to what has been
claimed under roughly similar conditions (Menke and Jacob, 1976, Stauder
et al, 1976, Combs and Hadley, 1977), we should be able to detect most

of the events within the area of the network having a magnitude above

zero. A detectability down to ML=1 could safely be assumed.

Location capability

The location capability is easier to estimate than the detectability,

even though it depends also here on several factors:

Since seismic velocities are in the range 3-6 km/s, significant location

errors are introduced with timing errors in excess of 0.1 s. If daily
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calibrations against radio time signals are possible, a crystal clock

with a stability of l:lO7 would be sufficient.

Network coordinates

For similar reasons, station coordinates should be known with an accuracy

better than 100 m.

This source of error (Sato and Skoko, 1965, Peters and Crosson, 1972,

Adams et al, 1973) arises when changes in hypocenter location have little
effect on the relative onset times at some or all of the receiving stations.
A uniform and symmetric distribution of stations is normally to be recom-

mended.

A ————

This is one of the main sources of location errors. The problem is quite
complex because it cannot (as sometimes assumed) be removed simply by
improving the signal-to-noise ratio of the recordings. The arrival time

of a clear onset can easily be measured with an accuracy better than 0.1 s,
the problem is only that other onsets are not so clear, and that the picked
arrival times are not consistent with a plane wavefront. Such wave scatter-
ing effects are caused by local structural irregularities in the crust
(Dahle et al, 1974, Aki and Chouet, 1975, Berteussen et al, 1975;

Aki and Lee, 1976), and they have a significant impact on the precision
with which the hypocenter of a local event can be determined. Even though

a more dense distribution of stations would give better examples, there

are some clear ones to be found also in Figs. 6.2-6.4: (l) relative dif-
ferences between S-arrival times between channels 3 and 4 (from top) in
Fig. 6.2; (2) the poor P-wave onset for channel 4 in Fig. 6.2, (3) the
difficult S-wave onset for channel 3 in Fig. 6.3, and (4) the differences
between the P-wave onsets for channels 6 and 7 in Fig. 6.4, with a secondary
P-arrival emerging. This problem of reading accuracy is mixed up with the

next point.

Velocity (crustal) models

In the absence of any detailed knowledge about crustal structure, this

would be the most severe source of error. Even with such knowledge it would



be a significant source of error because of the scattering effects and

the inhomogeneities mentioned above. It is therefore necessary that a local
crustal study be conducted after installation of the array, using explosions
for which both time and location are accurately known. Some of the explosions
used in the construction could also be used for this purpose, provided

a timing system is set up.

For the purpose of this report, we have tested by simulations the location
accuracy of the SGSN, given certain assumptions about the factors dis-

cussed above, The process has been the following:
(1) Assume a certain velocity model for the area

(2) Determine a grid of simulated hypocenters both inside and outside of

the array

(3) Compute P and S theoretical travel times from each of the hypocenters

to each of the stations

(4) Perturb each of the computed travel times by adding random errors
with zero mean and a certain standard deviation. To be realistic,
these errors must incorporate both timing errors, reading errors

and errors in the velocity model

(5) Locate the simulated events using the same velocity model and the
computed P and S travel times with errors, and compute standard

errors

(6) Plot the standard errors on a map of the area and draw contour lines

for equal location accuracy.

Little information is available on the crustal structure in the area of

the Rufiji Basin. For the purpose of these simulations, however, that is

not a critical point, and we have therefore used a model derived for

the rift zone in northern Tanzania (Rykounov et al, 1972, Maguire and

Long, 1976). The model assumes a Moho depth of 36 km, the average P
velocity in the upper 18 km is 5.8 km/s, in the next 1B km it is 6.5 km/s,
and the upper mantle velocity is 8.0 km/s. The S velocities are derived

from the P velocities using a ratio of 1.78. For the locations, the computer

program HYPO71 has been used (Lee and Lahr, 1976).
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We have used a grid of 25 epicenters as shown in Figs. 6.5 and 6.6, where
also the stations are indicated. The grid size is 10' or 18.5 km. We have
assumed zero depth for all the simulated events, and for each epicenter

5 sets of timing errors have been generated in order to obtain a sufficient
statistical stability. The resulting standard errors are averaged over

the 5 'events' in each epicenter.

The simulations have been conducted using standard deviations in the
arrival time errors of 0.5 and 1.0 s (both in P and S), with results

shown in Figs. 6.5 and 6.6, respectively. It has been checked that the
plotted standard errors in the locations (computed from the residuals)
correspond reasonably well to the real errors (how much the epicenter

has been moved). The results show that the SGSN can locate events within
the array to an accuracy of about 1 km, assuming timing errors in the
order of 0.5 s, with errors between 2 and 2.5 km if the timing errors are
increased to 1.0 s. One may argue that timing errors of 0.5-1.0 s are

very large, however, since these errors include uncertainties in the
velocity model they are certainly realistic at least during the initial
stage of the program. Later, as the area gets better calibrated, there
should be a chance of reducing the location error inside the array to
maybe less than 1 km. A factor pulling in the other direction is, however,
that the simulations are performed assuming a known (zero) hypocentral
depth. We have reasons to assume that the inclusion of a depth calculation
could increase the location error by a factor of two inside the array, and

even more outside, where in particular large distance errors could occur.

It is seen in Figs. 6.5 and 6.6 that there is a reasonably azimuth-
independent decrease in location accuracy, which means that there are

no 'weak spots' caused by the configuration. Since we have only 7 sensors,
we should expect, however, that such effects would occur if one or more

of the sensors are lost. The results of an investigation of this effect
are given in Table 6.1, where two of the epicenters have been recalculated
using a decreasing number of sensors. Epicenter 1 is the central point

in Fig. 6.5 and epicenter 2 is the one in the lower left corner. It

should be noted that we each time have dropped out the sensor which sup-

posedly should have the least adverse effect on the location accuracy,

so that Table 6.1 really reflects a best-case experiment.
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Fig. 6.5 Location accuracy simulation results, with standard errors
in km plotted at each epicenter. The results are based on
P and S arrival time errors with zero mean and a standard
deviation of 0.5 s. The area within the frame is that covered
in Fig. 4.1.
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Location accuracy simulation results, with standard errors
in km plotted at each epicenter. The results are based on
P and S arrival time exrors with zero mean and a standard

deviation of 1.0 s.
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The area within the frame is that covered



oo B

Location Errors (km)

Sensors Epicenter 1  Epicenter 2

All 7 Lok 2.2

1+ 24+3,/5,6,7 1R 2.4

2,3,5,6,7 1.2 2.7 Table 6.1
2:,3,6,7 1.4 Fu3

2;3:6 2.3 4.1

For teleseismic events, a usual and very instructive way of studying

the theoretical location capability of an array is to compute the resolving
power in wavenumber space. For monochromatic waves the calculation is
simply a two-dimensional Fourier transform of the array coordinates

(Burg, 1968), depicted in Fig. 6.7 for SGSN. The figure is of interest
only to the extent that the array will be used for teleseismic event

analysis.
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DATA ANALYSIS

Before we start discussing the data analysis aspects of the SGSN proposal,

we should note the following:

(1) The analysis of the data from SGSN would have to be done subject

to the specifications of a separate contract.

(2) The type of analysis that could be done is quite dependent on the
solution which is chosen for the network, where analog data recording
(and in particular paper recording) is geing to impose severe re-

strictions as already discussed above.

(3) In the previous chapters of this report we have already discussed
in some detail several aspects of the analysis that could and should

be done using the SGSN data.

We consequently want to restrict this chapter to a brief discussion of the

main points, which can be divided into two parts.

Seismic bulletin

The most important part of the data analysis is the regular production
of a microearthguake bulletin for the area, as well as keeping track of

the recordings of more regional and teleseismic events.

With a digital triggering system much of the work is done already in real
time. However, each of the recorded time intervals can only be considered

to contain a potential event, and the following subsequent analysis at

the data center will be necessary:
(1) Plot a filtered section of the data covering each detection

(2) Determine whether it is a false alarm, a teleseismic event or a

local event

(3) If it is a teleseismic event, measure arrival time, period and
amplitude of the P waves for one sensor, punch the results and

save them for subsequent analysis

(4) If it is a local event, check with the blasting records to see if

it is an explosion. Only a few of those would be subjected to

further analysis.
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(5) If it is not a known explosion, assume it to be a local earthquake
and measure arrival time, period, amplitude, first motion, quality

and duration of the P waves for all sensors

(6) Identify possible later phases (such as S) and measure arrival

times and gquality for all sensors

(7) Punch the results from (5) and (6), compute hypocenter and include

the event in the earthguake data base

(8) At regular time intervals (such as monthly), prepare a seismic bulletin

for internal distribution to interested parties.

Many of the points above (i.e., not only (1) and (2)) are well suited

for automatic computer analysis, such as the determination of (1) relative
delay (arrival) times for each channel and each arrival, (2) absolute
arrival time for one (reference) channel, (3) signal amplitude (first
cycle) and maximum amplitude, (4) signal period, and (5) signal duration.
However, it is absolutely necessary that an analyzing procedure be developed
in which all automatic results are controlled and (if needed) corrected

by analysts, in order to obtain the highest possible quality of the
results. In all these respects, the job is very similar to the NORSAR
detection and event analysis, for which purpose a number of sophisticated
computer programs and analyzing routines have been developed and thoroughly
tested (Bungum et al, 197la, Bungum and Husebye, 1974). This experience

and these programs would be an ideal basis for the development of an

analyzing procedure for the SGSN seismic data.

Another point which has been mentioned several times before in this report
is the need for developing reliable velocity (crustal) models for the
Stiegler's Gorge area. Controlled explosions are needed for this purpose,
and most likely one would have to conduct a separate shooting program

as well. The refinement of the model would take place in parallel

with the data analysis, and it could for this reason be necessary to
recompute the hypocenters of all events in the area perhaps several

times. A flexible computer-based analyzing procedure would be needed

for this purpose.
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It should alsc be mentioned that the computer program HYPO7Ll (Lee and
Lahr, 1975), which was used testing the SGSN location capability,

in our view is the best one available for hypocenter and magnitude
determination of local events. The program has been developed for the

U.S. Geological Survey, and is now also in operation at NORSAR.

Seismotectonic interpretations

This is an important part of the SGSN data analysis, and one of the main
here would be to analyze the events from the microearthguake bulletin

in time and space. For the time before impounding, the work would be
directed towards a better understanding of the tectonic processes in

the area, especially with respect to the identification of possible
active faults. It would also be important to establish the level of
seismicity precisely, and to study other parameters of importance for
the seismic risk in the area, such as spectral properties (frequency

contents) and signal attenuation. More detailed analysis of the larger

jobs

events would also be needed, in particular with respect to the calibration

of local signal parameters against those measured teleseismically.

For the time during and after impounding, the analysis should be directed

towards possible changes in the earthquake regime of the area, based on
a detailed knowledge of the pre-impounding activity. If a large increase
in the seismicity should take place, and especially if indications of

a strong earthquake in the area are found, it would be necessary to
discuss various precautionary measures, the nature of which would depend

on the situation.
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COST ESTIMATES

General

Cost estimates are based on the following:

- Kinemetrics Proforma invoice dated 10 January 1977

= R-data A.S. (Racal-Thermionic) price list dated 6 January 1977

= Sprengnether Instrument Co., Inc., price list 1976A, added 15%.
(According to info received from Dr. Sacks, Carnegie Institute,
Washington) .

Conversion from US dollars to N.kr. according to 1 US$ = N.kr. 5.30.

No taxes are included in the estimates.

The costs for the Stiegler's Gorge Seismic Network are based on 7
remote seismometer sites and one complete spare field station, i.e.,

a total of B units.

3
Costs for preparation of 7 seismometer sites (Remove 2-3 m  overburden,
build seismometer and equipment housing, cement floor in seismometer pit,
helicopter transport of personnel and materiel) are not included in

the following estimates.
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8.2 The network

8.2.1 Sprengnether MEQ-800 Portable microearthquake system

Seismometer L-4C N.kr. 3 5g5
MEQ-800-B o 20 800
Spare parts, supplies " 2 600
Total N.kr. 26 905
8.2.2 sprengnether self-contained system
A, Seismometer site
- 1 ea L-4C seismometer N.kr. 3505
- 1 ea AS-110 Amplifier il 3687
- 1 ea DR-100 Digital Event Recorder " 23160
- Solar Cell . 5300
- 5 ea cassettes C-120 a kr 50 w 250
Subtotal one site N.kr. 35902
Subtotal 8 units N.kr. 287 216
B. Timing System TS-400 " 5 730
€. Radio WWV receiver " 3 975
D. Battery Charger ELTECO~PSF 24/5 4 1 725
E. Replay system (to be located at NORSAR), DP-100 " 23 160
F. Supervision from manufacturer (time and travel, " 30 000
20 days), estimate
Supervision, NORSAR, 10 days " 20 000
H. Shipping costs, estimate " 10 000
Total N.kr. 381 80

Operational costs

Two visits per site per month to calibrate the timing system and

change cassettes. Estimated time 30 minutes per site, i.e., 7

hours helicopter transport per month plus cost for one technician in
that time.
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Field stations transmitting data to a central recording system

Item b Kinemetrics Racal-Thermionic
Product Price Product Price
N.kr. Ly [ ol
. Remote Site
Seismometer S5-1 3896 Willmore 5200
Mark III
Amplifier Monitron 4744 Mark II 4070
Mod 2000
Solar Cell 5300 5300
estimate
Antenna + mast CA 5-=150 1960 PYE AE 120 1240 +
Scala Yagi 530
Radio transmitter] T15F23 2995 0s 04 4210
Monitron
Subtotal one site 18895 20550
Subtotal 8 units 151160 164400
. Central Record-
ing System
Recording System | DDS-1105 111141 Geostore 57020
Radio receivers R15F 37312 0s 05 46080
(8 units) Monitron
4 batteries 12v, 100ah 1600 12v, 100ah 1600
(estimate)
Antenna + mast VCA-150 1431 PYE AE 12U 1770
Scala Yagi
Discriminators I-Disc 10176 -
(8 ea) Interproducts
Cabinets for 2862 -
discriminators
Cabling & testing 4770 (estimate)
1500
Std time and fre-| WVTR 4425 Not in this 4425
guency receiver Radio firm's price
list
Battery charger | ELTECO-PSF 1725 ELTECO-PSF 1725
24/5 24/5
Direct write VRLlB, Rack 14416 Field test box 19010
recorder, rack mount adaption
mount adapttion
& amplifier w/
amplifier filter
Cabinet 3180 -
Subtotal B 193038 133130
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ﬁ%hnﬁﬁ‘HHEEEEEEff“‘ Kinemetrics Racal-Thermionics
ITtem
Product Price Product Price
N.kr. N.kr.
C. Various costs
- Installation Field tech- 32000 Field tech- 32000
supervision nician, one +12000 nician, one +12000
by manufacturer
- Supervision by 1l Seis- 20000 1l seis~ 20000
NORSAR mologist, 10 mologist, 10
days days
- Shipping charges | estimate 20000 estimate 20000
- System engineer- K 26500 u 10000
ing
- Spare parts " 20000 = 20000
- Education of " 20000 " 20000
operator at
manufacturer
Subtotal C 150500 125000
D. Equipment for
signal analysis
(to be located
at NORSAR)
- Base reproducer - 68670
- Adjustable low
pass filter - 5770
- Chart recordexr - estimate 50000
Subtotal D 5= 124440
TOTAL 494698 546970

Operational costs for systems under 8.2.3.

Personnel costs for one technician in connection with changing of magnetic
tapes approximately once a week and checking the central recording
equipment once a day (% hour). An occasional visit to the remote sites
when trouble is indicated on the data channels at the central site.



8.2.4 Strong motion_instrumentation

-~ Kinemetrics Strong-Motion N.kr. 9 275
Accelerograph
- Batteries o 800
- Spares, etc. " 700
Total one system N.kr. 10 775
Total four systems N. 4

B.3 Data analysis

8.3.1 Develop software package for complete analysis of the digital seismic
data recovered by the various systems, including a special event processor
special signal analysis and evaluation techniques, hypocenter location
routines, local magnitude estimates and various ﬁinds of statistical
routines for a comprehensive description of the seismic activity in

the area in question.

Estimate: N.kr. 100 000.

8.3.2 VYearly costs for data analysis, production of seismic bulletin and

seismotectonic analysis of collected data.

Estimate: N.kr, 150 000.

8.3.3 Further special studies to be conducted upon separate agreements with

A/S Hafslund.



CONCLUSIONS

1.

10.

Several cases of damaging earthquakes induced by the impounding of

large water reservoirs are known.

An investigation of the conditions under which reservoir-induced
earthquakes occur, and a review of the seismicity and tectonics
of the Rufiji Basin lead us to the conclusion that the Stiegler's Gorge

area has the potential for reservoir-induced seismicity.

Because of this possibility for damaging earthguakes, it is strongly
recommended to install a Stiegler's Gorge Seismic Network. The
network should monitor the local seismicity before, during and after

water impounding.

The configuration of such a network is discussed, and it is recommended
to install an array of 7 sensors distributed over an area with a

diameter of about 50 km. A detailed location of each site is proposed.

We recommend the installation of a seismic monitoring system of the
type delivered by Kinemetrics, based on radio telemetry to the
main camp at Stiegler's Gorge, where the data are recorded digitally

after passing an event triggering system.

We furthermore recommend the acquisition of one portable seismograph
and one strong-motion accelerograph, and that later four accelero-

graphs be installed in the dam.

It is expected that the proposed array should be able to detect local
events down to at least magnitude one, with a location accuracy of
1-2 km. Subsequent refinements of the velocity models for the area

could improve the locations.

The costs of the recommended installations will be about

N.kr. 533 000, with 495 000 for the main seismic monitoring system,
11 000 for the portable seismograph, and 27 000 for the strong-
motion accelerograph. In addition there would be costs associated
with the installation of the remote sites and with the subsequent
data analysis.

The analysis of the data from the network should result in a seismic

bulletin as well as more general seismotectonic interpretations.

The specific technical solutions which are recommended should at
this stage primarily be considered as examples of the type of
instrumentation which would satisfy the various requirements discussed

in this report.
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