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Introduction

Following the XV General Assembly of the International Union of Geodesy and
Geophysics (IUGG) in Moscow in 1971, a group of US seismologists visited Soviet Central
Asia to view the work being done on earthquake prediction in the seismically active areas
near Dushanbe, Garm and Tashkent. At the UGG meeting, reports had been presented
on recent Soviet studies of earthquake prediction in these areas that included
premonitory variations in velocities prior to earthquakes in the Garm area. While
international meetings such as the IUGG General Assembly had traditionally provided a
forum for Soviet and American colleagues to exchange ideas in various areas of
seismology, the 1971 visit resulted in discussions concerning the development of a more
formal exchange program in earthquake prediction studies. At the Nixon-Brezhnev
summit in Moscow in May 1972, an agreement was signed which provided the official
vehicle for such a program: earthquake prediction was included as Area IX of the US-
USSR Agreement on Cooperation in the Field of Environmental Protection. A working
group chaired by M. A. Sadovsky of the Institute of Physics of the Earth and R. E.
Wallace of the U.S. Geological Survey was formed in 1973 and the first exchange took
place in 1974, The members of the working group for Area IX in 1980 are listed below.
Working Group protocols have provided for up to 34 man-months of exchange visits per
year.

The papers in this volume describe some of the work carried out under the
exchange agreement. Other collections of papers have been previously published in
Russian (Sadovsky and others, 1976a,b, 1979a,b). In addition to the specific projects
described in these reports, many of which have involved continving laboratory
experiments, field programs and collaboration in theoretical studies, the exchange has
provided the forum for contacts between scientists in various disciplines during short
visits to research centers in both countries.

The earthquake prediction exchange has been cited as one of the more successful
programs among the many scientific exchanges between the US and USSR. This success
reflects the inherent international nature of seismology. It also reflects the common
objective of studies of earthquake hazards mitigation, namely to reduce human
suffering. Earthquakes show no respect for international boundaries. Seismology has had
and must continue to have a tradition of free exchange of data and ideas in the
international scientific community.

One of those deeply committed to both the humanitarian and scientific aspects of
seismology was Victor |. Miyachkin, who served as -a project leader in the exchange
program since its inception. Those of us who knew and worked with him were saddened
by his recent death. This volume is dedicated to his memory.

Robert L., Wesson
David W. Simpson
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Five project areas are included under the agreement and some of the major areas of
research are:

Project | - Field investigations of earthquake prediction. Establishment of networks for
studies of induced seismicity at Nurek Reservoir, Tadjikistan, and Toktogul
Reservoir, Kirgizia; establishment of a network for seismicity, velocity and focal-
mechanism studies in the Peter the First ranges near Garm, Tadjikistan;
establishment of a network of digital instruments to investigate spectra and strong
ground motion in sediment-filled valleys near Garm.

Project 2 - Laboratory and theoretical investigations of the physics of the earthquake
source, Laboratory studies in Moscow, Colorado and California on rupture processes
and premonitory phenomena in rock and synthetic materials; development of models
for earthquake premonitory phenomena; theoretical studies of the earthquake source
and fracture processes.

Project 3 - Mathematical and computational prediction of places where large
earthquakes occur and evaluation of seismic risk. Studies in Moscow and California
of the application of pattern recognition techniques to earthquake prediction; use of
seismicity patterns (foreshocks, aftershocks, earthquake swarms) in earthquake
prediction; development of algorithms for prediction and risk estimates.

Project 4 - Engineering-seismological investigations. Establishment of a network of 12
strong-motion instruments in Tadjikistan; studies of explosion-induced vibrations in
full scale buildings near Dushanbe, Tadjikistan.

Project 5 - Tsunami warning system. Exchange of data related to tsunami-generating
earthquakes; recording of tsunami in the open ocean.

Collections of papers (in Russian) on Soviet-American work on earthquake prediction:

Volume |. M. A. Sadovsky (editor-in-chief)
A. B. Maksimov, V. I. Miyachkin, S.Kh. Negmatullaev,
I. L. Nersesov. Published by Donish. Dushanbe and Moscow.
Book I. 1976 236 pages
Book 2. 1976 220 pages

Volume 2. M. A. Sadovsky, S.Kh. Negmatullaev, I. L Nersesov,
A. B. Maksimov. Published by Donish. Dushanbe and Moscow.
Book I. 1979 91 pages
Book 2. 1979 169 pages
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Urban Development in Relation to Earthquakes,
Landslides, and Unstable Ground

I. L. Nersesov and F. F. Aptikaev
Institute of Physics of the Earth, USSR

At the beginning of this century the population of this
globe was 1.6 billion. By the end of the century it is
estimated that the population will reach 6 to 7 billion.
Urban areas are growing especially rapidly. Whereas in
1900 about 10 percent of the people in the world lived in
urban areas, by the year 2000 half of these will live in
cities. Even now, in many developed countries, urban in-
habitants make up about three-quarters of the population.

Coincident with this trend toward urban population
growth, we also observe a more rapid development of large
cities. This phenomenon occurs in every climatic zone and
in countries at different levels of development. From 1960
to 1970, the number of cities in the tropics with popula-
tions of more than 1 million grew from 4 to 14. During the
same period in the Union of Soviet Socialist Republics, the
number of cities with more than 1 million inhabitants grew
from 4 to 10, and by 1980 that number will increase to 22.

This includes not only the simple growth of preexisting
cities and towns, but also the establishment of completely
new urban areas. So, in the Soviet Union every year more
than 20 new towns come into being; half of them are in
previously uninhabited areas. The same tendency is
observed in other countries.

Towns, transport lines, and industrial complexes take
away from agriculture enormous areas, amounting 10
millions of hectares per year. During recent times areas
under development of different kinds have been redoubl-
ing each 15 years. In many cases this development of new
lands occurs spontaneously, often without necessary
geological investigations.

Naturally, urban growth is more intensive in areas
with the greatest increase in population, generally between
40 degrees North and South latitude. Almost three-
quarters of the world’s population lives in this region. And
in this same area, geological processes are the most active.
Thus, geologic hazards such as earthquakes, landslides,
and mud flows annually account for serious losses of life
and property.

*Paper presented at 1979 International Centennial Symposium "Resources for the
Twenty-first Century," to be published in U.S. Geological Survey Professional Paper 1193
(in press). 1



It sounds paradoxical, but recent technical develop-
ments are actually capable of increasing geologic hazards if
they are not properly applied. In fact, every year man’s in-
terference with nature increases. Already, the large-scale
production and burning of fuel, the subsequent pollution
of the atmosphere, the constant reduction of forest areas,
the modification of rivers and lakes as well as subsoil
waters, which are in turn connected with the enormous
consumption of fresh water for agriculture and industry,
and other of man’s activities have adversely affected
geological processes. The mining industry is developing
one and a half times faster than other branches of in-
dustry. According to estimates by experts, disturbances
caused by opencut mining can affect an area up to ten
times larger than the area of quarry operation itself,
changing the hydrological regime and natural geochemical
processes, depositing erosion products, and otherwise
altering the landscape. Dumps and waste heaps are not
carefully monitored, they can give rise to landslides that
endanger neighbouring settlements. It is sufficient to
remember the tragic case of Aberfan in South Wales.
Likewise, demands for fresh water and for energy have
caused a sharp rise in the number of large dams. Dam
heights continue to increase and reservoir volumes con-
tinue to grow. Naturally, dams are erected in the places
with large reserves of energy, mainly in mountainous
regions where geologic hazards are high. Besides natural
geologic hazards it is necessary to take into account the
possibility of manmade earthquakes, connected with the
impounding of the reservoir itself. Unfortunately, destruc-
tion has resulted from such earthquakes. The enormous
potential danger of the failure of a large dam for
downstream towns can scarcely be exaggerated. Moreover,
building and development in highland areas can disturb
slope stability, thus causing rockfalls and landslides. Often
these phenomena are observed not only in highland
regions, but also near rivers, lakes and coastal areas.

To reduce the losses due to geologic hazards it is
necessary to plan future population expansion in regions
chosen for this purpose. Firstly, they should be areas with
low geologic hazards, and second, areas of little use for
agriculture, It is vital that we provide the legislation
necessary to ensure that both the estimation of geologic
hazards and the consideration of suitability are included in
the development of new lands set aside for civil and in-
dustrial construction. In the Soviet Union legislation for
protecting lands and the environment has been issued dur-
ing the past 10 years to pursue just these goals—land
recultivation after mining exploitation, control of water
pollution, protection against soil erosion, and the develop-
ment of lands useless for agriculture.

Of all geologic hazards, earthquakes can cause the
greatest loss of life and the largest property damage. Some
numbers can illustrate this. Landslides affecting an area of
one square kilometre are considered serious. However, an
earthquake with magnitude M = 7.5 on the Richter scale
(not the largest possible) can destroy an area of as much as
one thousand square kilometres —an area large enough to
include a city with a population of several million. Thus
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the rapid spread of population in active earthquake belts
has resulted in the presence of more settlements near zones
in which destructive earthquakes may occur. Not only are
the direct effects of seismic vibration most serious in such
built-up areas but so also are the secondary geological
phenomena — rockfalls, landslides, soil subsidence and soil
liquefaction.

Earthquake hazard is especially great in large urban
areas where there is not only a high concentration of struc-
tures and goods, but where the djsruption of the normal
course of the urban economy—water supply, gas lines,
electricity, telephone lines, computer systems—can also
provoke additional economic problems.

In figure 1 we have plotted some of the summary data
on hazards in order to assess the possible strongest effects
of earthquakes according to the following factors: (A) in-
tensity versus magnitude (mean and maximum values); (B)
areas shaken at different levels of intensity (mean values),
(€C) monetary losses; and (D) loss of lives (maximum
values). Maximum estimates correspond to the effects
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Figure 1 Some earthquake characteristics versus magnitude
(M): A, Maximum and mean intensity (/). B, Area (in km?2)
shaken at different levels of intensity (/). C, Maximum monetary
loss, in dollars. D, Maximum loss of lives.

observed during the five most severe earthquakes in each
magnitude range. According to these data, the lives lost
during the strongest earthquake could reach up to one
million. This estimate is based upon the most unfavourable
conditions: (1) demographic (high population density); (2)
social (low level of economic development resulting in non-
antiseismic construction), and (3) geological (uncon-
solidated substrate, location relative to active faults). For
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earthquakes greater than magnitude 5.5 an increase of one
magnitude unit causes a tenfold increase in the number of
fatalities; however, equivalent decreases in fatalities for
earthquakes of magnitude less than 4.5 are not observed as
a rule. Antiseismic construction could reduce these
estimates of lives lost by a factor of ten. In urban areas
each fatality is accompanied by about one million dolars
loss to the economy. Furthermore, the growing concentra-
tion of material values in large cities will in the future in-
crease both the absolute and relative values of monetary
losses when geological catastrophes occur. The relatively
rare occurrence of the strongest geological catastrophes,
especially seismic ones, and the use of mean values in loss
estimates, can result in underestimation of geologic
hazards.

First and foremost, these examples clearly illustrate
the practical necessity for estimates of the seismic hazard
for new lands, and for estimates of accompanying
geological phenomena before civil and industrial construc-
tion. The wide complex of geological and geophysical
methods used in seismic zoning indicates the breadth and
importance of this technique. Seismic zoning includes
estimating the danger not only from vibration but from
other geological phenomena as well —creep, landslides,
snow slides, flash floods, and soil deformation.

Seismic zoning as a complex geological-geophysical
method has been under development in the Soviet Union
since 1930 (Seismic Zoning of the USSR, 1978 [trans.
1980]). The earliest seismic zoning maps were made at a
scale of 1:2.5 million. This scale is still being used. Every
10 to 15 years these maps are revised on the basis of new
experimental data and further development of the zoning
method. In addition to seismic intensity estimates, maps
that were completed in 1978 include possible strong earth-
quake zones, probability of different magnitudes, and the
mean isoseismal lines for large earthquakes. These maps
show the isoseismal areas up to intensity 9 (fig. 24).
Higher intensities may occur in source zones and these
areas should be excluded from areas for development (fig.
2B). As general seismic danger estimates our general
seismic zoning maps receive government approval and are
the legislative basis for all planning, design and building
organizations of the State.

In the Soviet Union, legal codes regulate detailed in-
vestigations of local conditions: engineering geology; local
tectonics; geodetic estimates of small scale crustal defor-

mation; hydrogeology; soil characteristics and their in-
fluence on seismic vibration. Investigations of this kind are
called “seismic microzonation.”

However, in many cases of civil and industrial devel-
opment, general zoning cannot answer questions about
geologic hazards with the required accuracy, nor can
microzonation, which provides information on a small
area of only local interest. For these reasons special
methods for more detailed estimations of geologic hazards
are being developed. This large-scale detailing is necessary
for large hydrotechnical projects, nuclear power plants,
urban design, and long-term planning of new land devel-
opments. This new direction in planning is called “detailed
seismic zoning.”
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Thus, engineering seismology investigations for
specific building sites naturally separate into two
types — detailed seismic zoning and seismic microzonation.
The first is aimed at investigation of seismic events, the
second at the influence of local conditions upon seismic ef-
fects. While microzonation in the Soviet Union already has
a long tradition, detailed seismic zoning work has only
begun. Currently a special commission is developing
recommendations to implement this technique.

The basic principles of detailed seismic zoning are

1. For seismically active areas detailed seismic zon-
ing is obligatory and is based on data plotted on
the general seismic zoning map.

2. Maps of detailed seismic zoning are overlaid on
topographic base maps with scales from 1:200,000
up to 1:1,000,000. Engineering geology maps may
be more detailed. The mapping scale depends on
the level of hazard. The size of the mapped area
depends on specific conditions, but as a rule a
mapped area will include a radius of 50 to 100
kilometers from the building site.

3. Selection of the building site and estimation of
possible seismic forces affecting this site are made
on the basis of both detailed seismic zoning and
microzonation. Site selection is also based on
estimates of geologic hazards of non-vibration
character.

Detailed seismic zoning is carried out by using dif-
ferent scientific methods to obtain the needed data. Those
data are then examined in an integrated fashion, and on
this basis, the final conclusions—including earthquake
predictions if possible—are drawn about the geologic
hazards of the region.

Seismological methods, both macroseismic and in-
strumental, are used to determine the distribution of events
in time and space, the nature of focal mechanism, the max-
imum magnitude and intensity, the wave attenuation and
estimates of the probable characteristics of seismic mo-
tions.

Geological methods are used to estimate the places of
possible earthquakes, their magnitude and focal mech-
anism, and to determine places unfavourable for use
because of geological conditions.

Engineering geology is used to identify locations with
high geologic hazards, such as landslides and rockfalls,
and to estimate the specific effect upon construction of
materials beneath the site.

Correlations between seismic activity and geophysical
parameters are used to find the places of possible earth-
quake origin. In addition, geophysical methods are used to
investigate geological structures.

Geodetic observations are used to estimate recent
crustal movements and the tectonic strain field.
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Figure 3 Expected predominant period of acceleration tor
California earthquakes: 1. Solid circle, high sensitivity station. 2
Open circle, strong motion station. 3. Solid line, isoline of
periods. 4. Dashed line, main faults.

Finally, the basic results of detailed seismic zoning in-
vestigations are summarized on four types of maps, which
must show the probability ranking of all the mapped
values:

1. Tectonic map showing the various seismogenic

structures and epicentral areas.

2. Engineering geology map.
3. Map of expected seismic intensity.
4. Map of expected seismic motion characteristics.

In addition to these final maps, working maps com-
piled during a detailed investigation show different
geological and geopliysical characteristics of the area such
as its geomorphology, epicenters, and isoseismal lines of
former carthquakes. Working maps show the basic data
used in preparing the final zoning maps.

Within the bounds of joint Soviet-American work on
carthquake prediction we  have together  studied  the
development of detailed  seismic coning and have in-
vestigated methods for quantitative estimation of seismic
motion. The essence of this latter approach is its assess-
ment of quantitative characteristics in specific places,
using both instrumental records ot strong and weak local
carthquakes and those of distant shocks (Aptikaev and
others, 1976, 1979).

As an example we show some results for California.
Figure 3 is a map of predominant periods of acceleration
during local earthquakes in California. Any other
parameters of strong motion, such as peak amplitude or
relative duration, could be mapped in the same manner. By
comparing a map of general seismic zoning with a map of
quantitative characteristics it is possible to see clearly some
difference in motion within the same intensity zones. Such
knowledge of seismic motion characteristics allows engi-
neers to take into account local peculiarities of vibration
and to choose for designs employing the most earthquake-
resistant construction methods. We have so far described
in a general way the seismic zoning methods used in the
Soviet Union.

The American school of seismology, geology, geophysics and
carthquake cngineering has made valuable contributions o
methods of carthquake-hazard estimation. Most zoning maps in
the United States, just as in the Soviet Union, show the expected
seismic intensity (fig. 4). These maps are usually based on historic
data and on fault tectonics (fig. 5). U.S. microzonation includes
mapping of the existing or potential geologic hazards at a given
location and ot the ground amplification factor. To estimate
quantitative characteristics of seismic motion the United States
has also developed the world’s best strong-motion array.

The U.S. Government initiated and has supported
major research in earthquake-hazard estimation and earth-
quake prediction. At the time of its passage, the enabling
Field Act was a great event, and not only for America. By
1978 Congress had also approved the Earthquake Hazard
Reduction Program. Generally speaking, this program is
similar to the Soviet national program. It further indicates
that such programs are the only true way to solve this
dangerous problem and thus save thousands of lives,
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Figure 4 Maximum intensities experienced through the 48 conterminous States of the United States from 1928 through 1973 (from R.
J. Brazee, 1976).

Figure 5 Preliminary map of expected horizontal acceleration {expressed as percent of gravity) in rock with 90 percent probability of
not being exceeded in fifty years. Maximum acceleration within the 60 percent contour along the San Andreas and Garlock faults in
Calitornia is 80 percent of gravity (using the attenuation curves of Schnabel and Seed, 1973.) The 48 conterminous States of the United

States (from S. T. Algermissen and D. M. Perkins, 1976). 10
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ENGINEERING AND SEISMOLOGICAL OBSERVATIONS AT DAMS

by

I
S. Kh. Negmatullaev™, G. S. SeleznyovII, D. W. SimpsonIII and C. RojahnIV
ABSTRACT

Seismological studies related to dams must investigate the pre-
impounding seismic regime and monitor any changes in seismicity during and
after filling of the reservoir. Engineering seismological studies must
investigate the kinematics of ground motion in and around the dam during
earthquakes, the dynamic stresses and pore pressure within the body of the
dam and any residual deformation. Depending on the size of the dam and
seismic hazard, three levels of investigation are recommended:

1) For dams less than 100 meters high in areas of low seismicity, con-
tinuous operation of 1 to 3 seismograph stations in the reservoir
region and 1 or 2 strong-motion instruments on or near the dam.

2) For dams more than 100 meters high in areas of moderate to high seis-
micity, continuous operation of 4 to 6 seismograph stations around
the reservoir and 4 to 6 sets of instruments for measuring strong-
motion, stress, pore pressure and residual deformation within the dam.

3) For dams of special interest, such as the 315 meter high earth-fill
Nurek Dam in Tadjikistan, continuous operation of more than 6 seismo-
graph stations around the reservoir including at least 5 years of
pre-impounding monitoring; and a more complete complex of instruments
for measuring strong-motion and stress deformation conditions within
the dam.

INTRODUCTION

In order to satisfy increased demands for hydroelectric power, irri-
gation, flood control and water supply, the number of large reservoirs,
especially those with very high dams, has increased rapidly over the last
two decades. There are now more than 400 dams higher than 100 meters of
which 93 have heights greater than 150 meters (1). The highest dams are:
Ragoun (USSR, 340 m), Nurek (USSR, 317 m), Grande Dixence (Switzerland,
285 m), Inguri (USSR, 272 m), Rossella (Italy, 265 m), Vajont (Italy, 261
m), Mica (Canada, 242 m), Sayano-Shushenskoe (USSR, 242 m), Mauvoisin
(Switzerland, 236 m) and Oroville (USA, 236 m). These dams produce res-
ervoirs with capacities (for the largest dams) from 10 to 169 km3. About
half of these reservoirs are located in seismically active regions. These
unique structures demand special attention, not only during the planning
and construction stages, but also during utilization.
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II Chief, Department of Hydrotechnical Structures, Institute of Seismo-
resistant Construction and Seismology, Dushanbe, Tadjikistan, USSR.

III Research Associate, Lamont-Doherty Geological Observatory of Columbia
University, Palisades, New York 10964.

v Research Civil Engineer, U.S. Geological Survey, Menlo Park,
California 94025. 13
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Large dams must be constructed to withstand the strongest earthquake
shaking expected at the site. This requires information on both the ex-
pected maximum earthquake and the response of the dam to this ground
shaking.' In the design of most critical engineering structures, seismic
risk is evaluated assuming that future seismicity can be estimated from
the seismic history of the area. This assumes that the structure is pass-
ive and has no effect on the local seismicity. With dams and large res-
ervoirs this may not be true. The impounding of large reservoirs has, in
a number of cases, severely modified the local seismic regime (1, 2).
Estimates of seismic risk for large dams must, therefore, include the
effect of natural seismicity and also the potential for induced seismicity.

To insure the seismic safety of a large dam requires the integration
of geological, seismological and engineering studies of the reservoir area,
the dam site and the dam structure. These studies, and a close coordin-
ation between them, must extend throughout the planning, construction and
utilization of the project. In the following, we will discuss some of the
techniques and instrumentation required for monitoring the seismic safety
of a dam, with special reference to existing and proposed studies at the
Nurek Dam in Tadjikistan, USSR.

SEISMOLOGICAL OBSERVATIONS

Seismicity studies at reservoirs, as with any large engineering
structure, must include studies of regional seismicity in order to esti-
mate the maximum expected earthquake for which the structures must be
designed. In the early planning stages for a large dam project, estimates
must be made of the seismic risk. This requires a knowledge of the re-
gional seismicity, active geological structures and historical earthquake
activity within the region. From these data, standard techniques are used
to estimate the expected size and location of the maximum natural earth-
quake. Unlike other types of structures, however, studies of seismicity
at large reservoirs must also take into consideration the effect which the
reservoir may have on changing the seismic regime (1).

The initial basis for evaluating the seismic requirements for a dam
is the regional seismicity. 1In most areas of moderate to high seismicity,
such information is available from regional or national seismograph net-
works. These provide an indication of the general level of seismicity in
the project area. Early in the planning stages for the dam, special
studies should be initiated, increasing the number of stations and im-
proving the coverage of the reservoir area. If there is seismicity near
the reservoir, seismological and geological information should be inte-
grated to identify the extent of active or potentially active faults. As
the time of impounding approaches, the station coverage should be further
increased to provide detailed observations during the initial filling
cycles.

How many stations are required will depend on a number of factors,
including the background level of seismicity, the size of the dam and
reservoir, the potential for induced seismicity and the hazard posed to
populated areas (5). For any large dam, 1 to 3 sensitive seismograph
stations should be included in the standard monitoring equipment for the
project. For dams more than 100 meters high in areas of moderate to high
seismicity, 4 to 6 stations should begin operation at least 5 years prior
to first impounding and continue to operate throughout the lifetime of the

14
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dam. These stations should be located within an area, centered on the
reservoir, with a diameter of less than twice the maximum dimension of the
reservoir.

For those dams which are of special interest, either because of their
size or specific seismic hazards, a temporary network of stations should
supplement the long-term observations during, and for 5 years following,
the first £illing of the reservoir. This network, comnsisting of 6 to 10
stations, should be located in the immediate vicinity of the reservoir,
with special emphasis near areas of active faulting and near the deepest
part of the reservoir.

Studies of reservoirs with potential for induced seismicity require
monitoring of both temporal and spatial changes in seismicity. 1In order
to positively identify changes in the seismic regime caused by filling of
a reservoir, it is necessary to have stable observations of seismicity
over many years. At most of the reservoirs where large induced earthquakes
have occurred (e.g., Kariba, Koyna, Kremasta, Hoover, Hsinfengkiang) (1,
2), networks of seismograph stations were installed only after the onset of
increased seismicity, so that it has been difficult to compare pre- and
post-impounding seismicity and to define the exact nature of changes
caused by the reservoir.

When induced or natural earthquakes occur near a reservoir, it is
important to be able to locate hypocenters with sufficient accuracy to
associate activity with specific faults. Migration of activity and changes
in the level of activity associated with variations in water level in the
reservoir may be important in predicting future patterns of seismic activ-
ity. A dense network of high-magnification stations close to the reservoir
is necessary to provide the accuracy and detection of microearthquakes
required for such studies.

As an example of a combination of regional, local and intensive seis-
micity surveys for observation at a large reservoir where induced seis-
micity is occurring, we will use the case of Nurek Reservoir on the Vakhsh
River in Tadjikistan (3). When completed in 1979, the earth-fill Nurek
Dam will be 315 meters high and impound a reservoir volume of 10.5 km3.
The reservoir first filled to 100 meters in 1972 and the second stage of
filling, to 200 meters, was in 1976 (Figure 1).

The southern part of Tadjikistan is a region of moderate to high
seismicity. Instrumental observations of seismicity began in Tadjikistan
in 1920. Since 1955, regional seismic stations have operated around the
reservoir, and the catalog of earthquakes greater than magnitude 2.5 is
complete from 1955. The maximum expected earthquake for the area has been
estimated as magnitude 6.5 (3).

As shown in Figure 1, there have been pronounced increases in seismic
activity during the first two stages of filling of the reservoir. Before
filling, approximately 10 earthquakes per year greater than magnitude 1.5
occurred within 10 km of the reservoir. During the early filling stages,
this number rose to more than 100 per year. The largest earthquakes fol-
lowing impounding were two of magnitude 4.5 near the southwest end of the
reservoir, at the end of the first stage of filling in 1972 (4).

15
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When the dam began filling in 1971, there were five stations within
40 km of the reservoir operated by the Tadjik Institute of Seismoresistant
Construction and Seismology and four additional stations were added before
1976. 1In 1975, as part of a joint Soviet-American program in earthquake
prediction, a radio-telemetered network of 10 statjons was installed
around the reservoir. Figure 2 shows the location of the two sets of sta-
tions. The combined network of Soviet and American stations is well-suited
for studying both temporal and spatial variations in seismicity. The
Soviet stations have provided a stable and complete catalog of earthquakes
for the 10-15 year period prior to and during filling of the reservoir.
Each of the Soviet stations is manned and operates independently, recording
three components of ground motion at magnifications of 10,000-20,000.
Because of the relatively wide spacing between stations, the location
accuracy is not high, but the temporal stability provides a clear indi-
cation of the changes in seismicity caused by filling of the reservoir
(Figure 1).

The stations of the American network installed in 1975 operate un-
attended, continuously telemetering data to a central recording location.
Station magnifications are 200,000-500,000. The network is concentrated
near the central part of the reservoir, where most of the induced seis-
micity is occurring. Within this area, location accuracy has improved by
an order of magnitude and the detection threshold has decreased by 2 magni-
tude units.

Figure 1 shows that increased seismicity at Nurek is closely related
to times of rapid change in water level (e.g., November 1972, March 1975,
August 1976). There are also indications that the level of seismicity is
also related to the rate at which the water level is changed. Thus, it is
possible that careful control of the way in which the water level is
changed can be used to control the level of seismic activity. 1In order to
monitor such controlled changes in seismicity, or to observe changes in
microearthquake activity preceding larger natural or induced earthquakes,
a sensitive network of seismograph stations is required in the immediate
reservoir area.

ENGINEERING INVESTIGATIONS

Many of the parameters necessary to study the seismic response of a
large dam are included in the standard observations for the control and
monitoring of the dam structure. These "static'" observations include the
monitoring of residual deformation (settlement and displacement), stress,
pore pressure (especially in the core, in the upstream face and in the
foundation), filtration rates through the dam and water levels upstream
and downstream from the dam. These observations, some obtained by passive
measurement and some through active experiments, are traditional and well
known, and will not be discussed here. Usually, the extent to which these
static observations are made depends on the size and importance of the
structure.

When dams are constructed in seismic regions, these static obser-
vations must be supplemented with equipment for monitoring "dynamic" pro-
cesses (5, 6, 7), especially the kinematic parameters of motion: displace-
ment, velocity and acceleration. A detailed study of the dynamic pro-
cesses taking place in dams during earthquakes also requires observation of
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Figure 2: Seismograph stations in the vicinity of Nurek Reservoir.
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the dynamic deformation, stresses and pore pressure within the dam and its
foundation. Such observations can lead to improved design techniques and
predictions of the behavior of specific structures during severe ground
shaking.

Following is a general description of proposed instrumentation for
monitoring "dynamic" processes in Nurek Dam. The proposed schemes have
been recommended by the Tadjik Institute of Seismoresistant Construction
and Seismology. They are based on experience gained from studies of
other large dams in the Soviet Union (6, 7).

The earth-fill Nurek Dam will have a height of 315 meters and a crest
length of 700 meters; it will extend 1500 meters along the river channel
(Figure 3). The body of the dam consists of a central water-resistant
core, transition zones, supporting prisms of gravel and rockfill on the
upstream and downstream faces. The gradients of the slopes are 1:2.25
for the upstream face and 1:2.20 for the downstream face. The dam will
form a reservoir with a total capacity of 10.5 km3 and an area of 100 km2,
which will extend 70 km upstream from the dam. Annual variations in water
level will be 50 to 60 meters (a volume of 4.5 km3).

Shown in Figure 3 is the proposed system for measuring kinematic
parameters in the dam. The system will consist of 29 measuring points (13
permanent and 16 temporary); its purpose is to record the movement of the
foundation, the walls of the canyon and the body of the structure during
small and strongly felt earthquakes. The thirteen measuring points de-
signed for long-term use are equipped with apparatus fog\recording strong
and destructive earthquakes. The other 16 measuring points are to be used
for short-term experiments (3 to 5 years). Their purpose is to obtain
data for special projects such as the study of spatial variations in the
vibration of the body of the dam, variations in the dynamic behavior of
the rock canyon and/or the interaction of the structure with the rock
foundation.

Shown in Figure 4 is a proposed system for observing dynamic stresses
in the core and downstream prism, which is the most stressed element with-
in the body of an earth-fill dam. The three-component dynamic stress cells
are to be located at three levels with a total of 5 measuring points in the
prism and 2 in the central core.

Also shown in Figure 4 are proposed locations for pore pressure mea-
surements in the core of the dam and in the water-saturated upper prism.
The instruments are to be located at the levels of the main viewing
galleries, i.e., at 1/2 and 3/4 of the height of the dam.

Strainmeters for measuring residual deformations during earthquakes
are proposed at 5 points along the transverse profile (maximum section)
of the dam (Figure 4). These observations will be made at the crest on
both slopes and in the viewing galleries at approximately 1/2 and 3/4

of the dam height.

Continuous observations will also be made of the variations in water
level upstream and downstream of the dam. Locations of the proposed gauges
are shown in Figure 4. The range of these observations must include
variations in the reservoir level during normal use and also take into
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account possible disturbances as the result of a strongly felt earthquake
(e.g., seiches, increased filtration).

For monitoring and control of the dam structure, it is proposed that
the following 24 channels of data be continuously recorded at a central
site: residual displacements at the crest and on the slopes (6 channels);
acceleration of the foundation and crest at the maximum section (6 chan-
nels); pore pressure in the upper prism and in the central core at 2
levels (4 channels); water level upstream and downstream of the dam (2
channels); and dynamic stress at one point in the core and at one point in
the lower prism (6 channels).

The extent of instrumentation for measuring the dynamic response of
Nurek Dam is based on the fact that the dam is unusually large and 1is
located in a moderately active seismic zone. The degree to which smaller
dams should be instrumented depends on the relative size and type of dam
as well as the expected level and occurrence of seismic activity. A sur-
vey of instrumented dams in the U.S. (8) suggests that most instrumented
dams fall into one of the following two categories: 1) dams where 1 or 2
strong-motion accelerographs have been installed to record site response;
and 2) dams where 4 to 6 strong-motion accelerographs have been installed
to measure site response and structural response. It is assumed that the
extent of instrumentation at each of these dams is dependent upon the
availability of funding, size and type of dam and extent of expected
seismic activity. Considering such factors in general as well as exper-
ience with dam instrumentation in the USSR, the following instrumentation
schemes are recommended: 1) for dams less than 100 meters high in areas
of low seismicity 1 or 2 strong-motion instruments near and/or beneath
the dam; 2) for dams more than 100 meters high in areas of moderate to
high seismicity, 4 to 6 sets of instruments for measuring strong-motion
on and near the dam as well as stress, pore pressure and residual deform-
ation within the dam; and 3) for dams of special interest such as the
315 meter high earth~fill Nurek Dam, a more complete complex of instru-
ments for measuring strong-motion and stress deformation conditions within
the dam.
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INDUCED SEISMICITY AT NUREK RESERVOIR, TADJIKISTAN, USSR

By D. W. SsmpsoN aAND S. K. NEGMATULLAEV

ABSTRACT

More than 1800 earthauakes (1.4 > M > 4.6) have occurred during the first 9
yr of filling of the 300-m deep Nurek Reservoir in Tadiikistan. This is more than
four times the average rate of activity in the region prior to the start of filling.
The increased seismicity has occurred in a series of bursts. the two most intense
of which were related to rapid increases in water level during the first two stages
of filling—to 105 m in 1972 and to 205 m in 1976. All periods of high seismicity
take place when the water level is higher than it has been previously or within
10 m of its previous maximum. If the water level drops more than 10 m below its
previous maximum. the level of seismicitv decreases. All of the largest earth-
auakes and most of the bursts of activity are triggered by decreases in the rate
of filling of the reservoir. Once the water level is more than 10 m above the
previous maximum, the potential for increased seismicity is high. Extremely
small changes in filling rate can then trigger the onset of activity. For example,
the largest earthqguakes all followed decreases in filling rate of approximately
0.5 m/day:; and in a number of cases. increased seismicity began soon after the
reservoir started to empty by rates as small as 0.2 m/day>’. The response in
seismicity to decreases in the filling rate is rapid. increased activity follows
abrupt decreases in filling rate with delays as short as 1 to 4 days.

As the reservoir has anpbroached its maximum size. extending 40 km upstream
from the dam. the area of induced seismicity has increased as well. The first
induced earthauakes in 1971 were located 10 to 15 km southwest of the
reservoir. From 1972 to 1978. activity migrated into the immediate reservoir
area and foliowed the growth of the reservoir unstream. The first stage of activity
in 1971 to 1972 was characterized by low b values and included the largest
earthauakes of M = 4.6 and M = 4.3 in November 1972. when the water level
first exceeded 100 m. From 1973 to 1979. activity was confined to the immediate
reservoir area and b values were higher. Although the water level has risen to
over 250 m. no induced earthauakes larger than M = 4.1 have occurred since
November 1972.

INTRODUCTION

The filling of Nurek Reservoir in the Tadjik SSR., USSR has been accompanied
by significant levels of induced seismicity. In 1981, the level of the reservoir will be
raised to its maximum depth of 300 m. making it the deepest man-made reservoir in
the world. Central Tadjikistan is a region of complex tectonics and experiences a
high level of natural earthquake activity. Because of this, seismological and geolog-
ical studies of the reservoir area began in the early planning stages for the project.
Since 1955, the Tadjik Institute of Seismoresistant Construction and Seismology
(TISSS) has been monitoring seismicity in the Nurek area. so that Nurek is one of
the few reservoirs with induced seismicity where there is a detailed knowledge of
the seismological conditions existing around the reservoir prior to impounding. This
has made it possible to determine the extent of changes in the rate of seismic
activity related to filling of the reservoir. and to study changes in other aspects of
the seismic regime. Geological and seismological studies carried out prior to con-
struction of the dam are described by Baratov and Gaiskii (1962). Descriptions of
induced seismicity during the initial stages of filling of the reservoir are found in
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Negmatullaev (1975), Soboleva and Mamadaliev (1976), and Simpson and Negma-
tullaev (1978).

Under the auspices of the US-USSR Exchange in Earthquake Prediction, a joint
study of induced seismicity at Nurek Reservoir began in 1975. As part of that
project, a 10-station American telemetered network was installed around the reser-
voir. This network complements the permanent set of 10 Soviet stations within 50
km of the reservoir. The American stations cover a 15- by 60-km area, concentrating
on the region showing the highest level of induced seismicity. The combined network
of Soviet and American stations is well suited to studying temporal and spatial
variations in seismicity related to filling of the reservoir—the Soviet stations
providing a stable long-term data base for studying temporal variations in seismicity
and their relation to changes in water level; the American stations providing the
precision necessary to map spatial patterns in seismicity and their relationship to
geological structure. The results of studies using the telemetered network are
presented elsewhere (Keith et al., 1981). In the present work, we describe the spatial
and temporal patterns of induced seismicity at Nurek and their relationship to water
level in the reservoir, basing our study entirely on two sets of data: the TISSS
catalog of earthquakes in the Nurek area, 1955 to 1979, and daily water levels in the
reservoir, 1972 to 1979. A monograph presenting tabulations of these two sets of
data is being prepared.

LocATION AND TECTONIC SETTING

Nurek Dam is located in the northern part of the Tadjik Depression in a narrow
gorge of the Vakhsh River, a tributary of the Amu Dary’a (Figure 1). The waters of
the Vakhsh rise in the snow fields and glaciers of the Pamir and Alai Mountains as
the Surkhob and Obi Khingau rivers, which meet to form the Vakhsh River at the
northeastern extremity of the Tadjik Depression in the vicinity of Garm. The
Vakhsh follows the structural trend of the Tadjik Depression, flowing southwestward
through the northern portion of the depression, changing direction at Nurek to run
southward for 200 km before joining the Amu Dary’a at the Afghanistan border.
General features of the Nurek area and the Tadjik Depression can be seen in the
LANDSAT photograph in Figure 1.

Reviews of regional geology and tectonics can be found in Gubin (1960, 1967),
Academy of Sciences, Tadjik SSR (1968), Bekker et al. (1974), and Negmatullaev
(1975). We present here a general outline of the regional tectonics as it relates to
seismicity at Nurek. Separate publications discuss how the seismicity at Nurek
relates to the style of deformation in the depression (Keith et al., 1981) and how the
local reservoir geology actively controls the spatial distribution of induced earth-
quake activity (Leith et al., 1981).

The Tadjik Depression is a post-Paleozoic sedimentary basin which has been syn-
depositionally deformed during the Alpine orogeny. The depression is bounded on
the north by the Gissar Ranges, a spur of the southern Tien Shan Mountains; on
the east by the Pamir Mountains; on the south by the Hindu Kush and Kopet-Dag;
and on the west by the Turan platform. Major seismicity is associated with parts of
the northern, eastern, and southern boundaries, and scattered seismicity up to
magnitude 54 occurs throughout the interior of the depression. The Gissar-Kokshal
and Vakhsh-Illiak faults form a major boundary between the Caledonian- and
Hercynian-deformed structures of the Tien Shan to the north and the Alpine-
deformed structures to the south. Recent deformation throughout the region shows
a general north to northwest compression which is primarily related to the India-
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Eurasian collision (Molnar and Tapponnier, 1975). Numerous earthquakes, as large
as magnitude 8, have occurred along the Gissar-Kokshal fault zone north of the
Depression and the Pamir Mountains in this century (Kristy and Simpson, 1980).
To the east, the Darvaz-Kara-Kul fault separates the depression from the Pamir
Mountains. Both shallow and intermediate depth seismicity here and to the south
of the depression are related to subduction in the Hindu Kush and Pamirs (Billington
et al., 1977; Chatelain et al., 1980).

NuREK DaM AND RESERVOIR

Nurek Dam is an earth and rock fill structure 315 m high with a crest length of
800 m, extending 1.5 km along the river at its base (Negmatullaev et al., 1978). The
dam is a major part of the development of water resources on the Vakhsh River.
Seventy kilometers upstream from Nurek, construction has now started on Ragoun
Dam, which has a planned height of 350 m. Nurek drives eight hydroelectric
generarors providing 2.7 X 10° kW of electric power and the dam provides control of
water for use in irrigation. The reservoir formed behind the dam extends 40 km
upstream, with a maximum width of 6 km and a maximum volume of 10.5 km®. The
approximate outline of the reservoir at maximum extent is shown in Figure 2.

Filling of the reservoir has taken place in a number of stages (see Figure 5), the
water level rising as construction increased the height of the dam. The two major
stages of filling occurred in late 1972 (to 105 m) and late 1976 (to 215 m). Large
fluctuations in water level result from construction practices at the dam and
demands for reservoir water. Maximum water usage occurs in the spring for cotton
irrigation, accounting for the rapid decreases in water level starting in early March
of each year. Following each of the major filling episodes, the water level was
reduced to the prefiiling level for inspection and resurfacing of the upstream face of
the dam. The minor fluctuations in waver levei, superimposed on the general filling
trend, in September 1972 and August 1976, resulted from the testing of new tunnel
structures.

Daily water levels, measured to 0.01 m, are available from mid-August 1972. No
data are available prior to August 1972. A coffer-dam, approximacely 80 m high (see
Negmatullaev et al., 1978), existed immediately upstream of the main dam during
the early construction phase (1967 to 1972). The maximum warver depth behind the
coffer-dam, before it was covered during the first major stage of filling in 1972,
occurred in 1971 and was at least 50 m (see Figure 5 in Soboleva and Mamadaliev,
1976).

SEISMICITY CATALOG

The TISSS has operated up to 15 seismograph stations within 100 km of Nurek
since 1955. The TISSS catalog of earthquakes for the Nurek area 1955 to 1979
contains over 7000 events (Figure 2). We will refer to the entire region shown in
Figure 2 as the Nurek area, and to the rectangular area shown in Figure 2 as the
reservoir area. Hypocenters are determined using the graphical methods described
by Riznishenko (1960). The catalog contains information on the time, location,
depth, and size of each event. Earthquake size is given in terms of the Soviet scale
of energy class, K (where K is the logarithm of energy in joules). In the following
discussion, we convert the magnitude using the relationship

M= (K-4)/18 (Rautian, 1960).

28



INDUCED SEISMICITY AT NUREK RESERVOIR, TADJIKISTAN, USSR 1565

Earthquakes as small as K = 5.5 (M = 0.8) are listed in the catalog, which appears
to be relatively complete, especially after 1965, above K = 7.0 (M = 1.7). Before
1965, energy class was given to the nearest 1.0 units and from 1965, to 0.1 units.
Epicentral coordinates are given to 0.5 min, accounting for the reguiar grid pattern
of locations in Figure 2.
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Fic. 2. Earthquakes of K = 6.5 (M = 1.4) in the Nurek area 1955 to 1979. Epicentral data are from the
TISSS catalog. The rectangle outlines the region referred to in the text as the reservoir area. The outline
of the reservoir used in all figures is the 1000-m topographic contour and is approximately the limit of the
full reservoir.

The accuracy of epicentral location has improved since 1955 and especially after
1968, when additional stations were installed near Nurek. We estimate most early
epicenters to be located with a relative precision of £5 km and more recently of +2
km. A comparison of TISSS locations with those obtained using the dense network
of stations installed around the reservoir in 1975 indicates that there exists a
consistent bias of up to 5 km to the northeast in the TISSS locations, but confirms
that most of the relative locations are precise to £2 km. Data from the American
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network have not been used in compiling the TISSS catalog, so that the installation
of the additional stations in 1975 has not altered the magnitude threshold or location
accuracy of the data described in this paper.

There is not sufficient accuracy in depth determinations (+2 km) to resolve any
pattern in depth distribution. Except for some of the early events in 1971 (see Figure
9), which are ascribed depths of 10 km, all of the induced seismicity is less than 10
km deep. This is confirmed by studies with the telemetered network, which show
most of the post-1976 activity to lie between depths of 2 and 8 km (Keith et al.,
1981).

The largest earthquakes, 1955 to 1978, are shown in Figure 3. The largest
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Fic. 3. Earthquakes with M = 4.0 in the Nurek area 1955 to 1979.

preimpounding earthquakes near Nurek were the 1956 “Nurek” earthquake of
magnitude 5.3, approximately 10 km north of the dam site and events of magnitude
51in 1966 and 1969 in the far northern end of the future reservoir area.

INDUCED SEISMICITY

In Figure 4, the data of Figure 2 have been divided into two time periods and
plotted in a three-dimensional format, showing the number of earthquakes/min® of
area in the z direction. The 11-yr period, 1960 to 1970, before the filling of the
reservoir, shows clusters of activity along the Vakhsh-Illiak fault, north of the
reservoir area and a general increase in activity toward the northern end of the
reservoir where the Vakhsh-Illiak and Gissar-Kokshal faults merge. Some clustering
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both parts of the diagram. The induced seismicity is clearly seen as the zone of high activity near the reservoir 1971 to 1978.

Fic. 4. Three-dimensional representation of seismicity at Nurek before (1960 to 1970) and after (1971 to 1978) impounding of the reservoir.
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of activity can also be seen southwest of the reservoir area. There is very low
activity, however, over most of the immediate area of the future reservoir. The 8-yr
period following impounding (1971 to 1978) cleariy shows a pronounced increase in
seismicity, concentrated near the main body of the reservoir. The induced seismicity
stands out as an even more pronounced feature than activity on the Vakhsh-Illiak
fault, north of the dam (compare with Figure 1).

The area of increased seismicity following filling of the reservoir is outlined in
Figure 2. In Figure 5, temporal variations in seismicity for 1955 to 1979 are shown

1955-65 1966-70 1971-79
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F1G. 6. Recurrence graphs for the reservoir region (IN) and Nurek area outside the reservoir region
(OUT) for 1955 to 1965, 1966 to 1970, and 1971 to 1979. Prior to 1966, earthquake size is reported in
intervals of 1.0-energy class units and from 1966 to 0.1 units. In each graph, X’s are the interval numbers
of earthquake (i.e., the number at each K value) and +’s are the cumulative number (i.e., the number
greater than or equal to K). N, is the number of earthquakes used in calculating b, using the maximum
likelihood method. Earthquakes with K = 8 were used to determine b for the 1955 to 1965 segments and
K = 7 for time periods after 1965. The b value for the reservoir area after impounding (1971 to 1979) is
significantly higher than all of the other noninduced groups.

for the entire Nurek area, for the reservoir area, and for the Nurek area outside of
the reservoir area. The number of earthquakes with K = 6.5, and the square root of
energy release/50 days are shown for each area. The most pronounced changes in
seismicity in the reservoir area are the increases beginning in 1971 and 1976.
Preimpounding seismicity in the reservoir area is relatively low and stable except
for large earthquakes in the northern end of the area in 1963 and 1966 and in the
southern end in 1966 (Figure 3). Outside the reservoir area, the Nurek region shows
more variability in activity. The most notable burst of activity is related to the 1956
Nurek earthquake. Most of the other activity is concentrated just northeast of the
reservoir area or in the very southern part of the region (Figure 3). The induced
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seismicity, however, remains as one of the dominant features of the seismicity of the
entire region.

Following impounding, the annual rate of seismicity in the reservoir area rises by
a factor of more than 4, from an average of 50 earthquakes/yr, 1955 to 1970 to 200
events/yr, 1971 to 1979; with relative rates scaling as high as 400 events/yr in late
1972 and 700 events/yr in late 1976 (Figures 5 and 7).

b VALUEsS

Figure 6 shows cumulative and interval numbers of earthquakes as a function of
energy class for the areas inside and outside the reservoir region, with associated b
values, calculated using the maximum likelihood method (Utsu, 1971). Below K =

500

400

300 I

200
100 ___J

1969 11870 11971 1872 11873 11874 11975 1976 11877 11978 11878

EVENTS/365 DAYS

b-VALUE

0.6

05
1969 11970 11971 1972 11873 11874 11875 11976 11877 11878 1979

Fic. 7. Temporal variation of b value within the reservoir area, 1969 to 1979 (bottom) and number of

earthquakes/year (¢op). The time inteval over which the b values are determined is adjusted so that each

interval contains 100 events. The 95 per cent confidence limits for estimates of b using samples of 100

earthquakes are +0.196 b (Aki, 1965). For the range of b shown here the 95 per cent confidence limits

vary from +0.14 (b = 0.7) to £0.22 (b = 1.1). Although the induced seismicity began with the increase in
activity in 1971, the b value did not increase significantly until 1973.

6.5, the departure from a linear increase in the interval number of events with
decreasing energy class indicates the catalog to be relatively complete down to K
=7 (M = 1.7). All b value determinations have, therefore, been made using only
events with K = 7.0. In Figure 7, b values for the reservoir region are shown as a
function of time, with b values determined using groups of 100 earthquakes. In this
way, the error in the maximum likelihood estimate of b, which depends on the
number of events in the group, remains constant (Aki, 1965; Gibowicz, 1973). Before
1973, the b value is approximately 0.8, similar to the value for the entire region
outside of the reservoir area (Figure 6). Starting in 1973, b values rise to an average
value near 1.0 in 1975 to 1976. This increase in b value occurs after the start of the
induced seismicity, which began in 1971 as shown by the increase in the annual
numbers of earthquakes in Figure 7. As discussed below, most of the 1971 and early
1972 seismicity was also located in a different area than the later induced seismicity.
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The Rautian (1960) relationship between energy class and magnitude (given
earlier) has been used in determining the b values in Figures 6 and 7. The b value
is directly proportional to the slope of the function used to convert from energy
class to magnitude and any systematic bias in the Rautian relationship would thus
cause corresponding changes in b values. Any difference between the b values shown
here and values determined for other areas, using different magnitude scales, may
not be significant. The increase in b value for the induced seismicity after 1972
appears to be real, however, since it is based on an internally consistent magnitude
scale. The increase in b value is also apparent from a comparison of the energy
release and number of earthquakes in Figure 8. After 1972, there is a substantial
increase in the number of small earthquakes in relation to the larger events.

MIGRATION OF POSTIMPOUNDING SEISMICITY

Figures 4 and 5 have shown the general increase in seismicity accompanying the
two major stages of filling in 1972 and 1976. We now investigate, in more detail, the
shorter term spatial and temporal variations in seismicity within the reservoir area.

As Figure 8 shows, most of the induced activity has occurred in bursts, the two
most obvious ones being related to the major stages of filling in late 1972 and 1976.
The largest postimpounding earthquakes occurred in November 1972 (M = 4.6 and
M = 4.3), March 1975 (M = 4.1), September 1976 (M = 4.1), December 1977 (M =
3.9), and throughout mid-1971 (M = 4.2, 4.1, 3.9). As discussed below, there is
evidence to suggest that the M = 4.4 event in October 1975 is not induced. The
epicentral maps in Figure 9 show that the activity has migrated in time, beginning
to the southwest of the reservoir in 1971 and migrating to the northeast along the
axis of the reservoir. The space-time diagram in Figure 10 shows the details of this
migration.

Activity during 1971 was concentrated on the southwest and northeast sides of
the reservoir (Figure 9b) with most of the epicenters on the southwest side. Virtually
no activity occurred directly beneath the reservoir. Earthquakes during the first
major burst of activity in November-December 1972 (Figure 9c¢) occurred in two
groups (Soboleva and Mamadaliev, 1976). The first group, most of which occurred
within 10 days following the larger earthquakes on 6 November, was located in the
same area as the activity in 1971. The second group, following in late December,
occurred 5 to 10 km closer to the reservoir, in an area where no activity had been
observed in 1971 and early 1972 (Figure 10).

During 1973 and 1974, activity gradually migrated northeastward, while the level
of seismicity decreased in the southwest. In 1975, a concentrated burst of activity
occurred in March near the southern edge of the reservoir. Scattered activity
occurred throughout the year on the northern edge, with a cluster of events at the
northeastern end of the reservoir during June and August.

During the first half of 1976, the whole region was quiet, except for a minor burst
of activity in early March, north of the reservoir. The major activity in 1976 began
in August and was concentrated in two areas, most of it in the central reaches of the
reservoir, with a secondary cluster of activity farther to the northeast. Activity in
the central region continued throughout 1977 to 1979, while the second group spread
farther to the northeast.

Figures 9 and 10 show that from 1971 to 1979, seismicity had almost completely
filled an area 40 km long and 10 km wide. Throughout that period activity gradually
migrated toward the northeast and formerly active areas became quiet. In order to
check whether the migration to the northeast between 1971 and 1976 could be the
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F1G6. 10. Space-time graph of migration of activity within the reservoir area 1969 to 1979. Compare
with Figures 8 and 9. Symbol sizes depend on earthquake size as shown in Figure 9. The six events with
M = 3.0, assumed not to be induced (Figure 9), are indicated by #ics.

result of change in location procedure or station distribution, we show in Figure 11
S-P times at Soviet stations for selected earthquakes. Earthquakes have been
divided into five groups based on time of occurrence and their locations as given in
the TISSS catalog. Stations OBG, BGZ, and KLD, which lie approximately along
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the line of migration of activity, show clear decreases in S-P times consistent with
the TISSS locations. Stations KUL and CGT, which lie transverse to the direction
of migration and are approximately the same distance from all groups of activity,
show only small changes in S-P times, while LNG, which is closer to the reservoir,
shows a decrease in S-P times as activity moved northeastward in 1972 to 1973.
Thus, although the exact path of migration from 1971 to 1976 cannot be determined
to better than 5 km, the two major features of the migration—that it did occur
and that activity stopped in areas that were previously active—appear to be real.
At least part of the migration in seismicity can be explained by the growth in the
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F1c. 11. S-P times at stations shown in right part of diagram for five groups of earthquakes grouped
by their time of occurrence and location as given in the TISSS catalog. Histograms give the number of
observations in 0.1-sec intervals and the lines connect the average S-P time observed at each station.
Only earthquakes with K = 9 have been used. The locations of the five groups are shown on the right

and the time periods covered are given on the left. The distribution of events within each group can be
seen by comparison with Figures 9 and 10.

area of the reservoir as it filled. Between 1972 and 1976, when the water level was
less than 130 m, the reservoir did not extend farther upstream than the area of high
seismicity shown in Figure 9 and 10. After 1976, when the water level exceeded 200
m, the reservoir had extended upstream to include the region showing high seismicity
beginning in late 1976.

TEMPORAL VARIATIONS IN POSTIMPOUNDING SEISMICITY

The most obvious relationship between water level and seismicity is that the most
seismically active periods are related to the two major stages of filling in 1972 and
1976. Closer analysis of short-term changes reveals that more subtle relationships
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exist. Therefore, we will now take a closer look at the data from Figure 8, using an
expanded time scale and the number of earthquakes per day rather than per 10 days
(Figure 12).

From August to November 1972, as the water level rose from 50 to 104 km,
seismicity in the reservoir area was low, with only six events occurring during August
and September. In October, the water level rose at an almost constant rate of 1 m/
day until 2 Novemnber when the level had reached 104 m and filling was abruptly
stopped. Four days later. on 6 November, there occurred the two largest earthquakes
of the entire induced seismicity sequence (magnitudes 4.3 and 4.6, see Figure 3).
Two clusters of aftershocks followed these earthquakes (Soboleva and Mamadaliev,
1976), with activity gradually decreasing throughout December.

In early 1973, the water level remained constant until it began to drop slowly in
February and rapidly in mid-March. There was an increase in seismicity starting in
early February which decreased as the water level approached a minimum in early
April. In late April the water level began increasing again and by mid-May had
reached its former maximum and it continued rising in short stages throughout the
rest of 1973. Seismicity had reached a minimum in June but increased again in July
and continued to increase until November when the water level had reached a new
maximum.

Seismicity remained relatively low throughout 1974, with only minor peaks in
March, July, and August. The level did not increase substantially until March 1975,
when a cluster of earthquakes occurred near the southern edge of the reservoir
(Figure 9). On 1 March 1975, the water level had started to drop during one of the
spring irrigation cycles. Two similar irrigation cvcles had occurred in 1974. The 1975
cycle, however. began much more abruptly (a drop of 3 m in the first day) and the
average rate over the first part of the draw-down (1.5 m/day) was more rapid than
either of the 1974 cvcles (less than 1 m/day). In the 6 months from September 1974
to the end of February 1975. there had been only four earthquakes located near the
central basin of the reservoir (see Figures 9 and 10). On 2 March 1975, the day
following the start of the rapid draw-down. a sequence of earthquakes began near
the central basin. culminating in a magnitude 4.1 event on 14 March. This burst of
activity was the most pronounced since the end of 1973 and included the largest
earthquake (magnitude 4.1) since November 1972. Only minor increases in seismicity
had occurred during the two more gradual draw-downs in 1974.

In June and August 1975 the water level again increased in abrupt stages, followed
by minor increases in seismicity. A more gradual increase in water level from
October to December 1975 does not show any corresponding increase in seismicity
near the reservoir. The largest earthguake in 1975 was the magnitude 4.4 event on
25 October. Its location (see Figures 3 and 9f) is outside the main area of high-
induced seismicity (Figure 9k). Unlike all the other large induced earthquakes,
which are accompanied by high levels of aftershock activity, this earthquake was
followed by only two small aftershocks (compare the energy release and number of
earthquakes for the larger events in Figures 8 and 12). As shown by the number of
events following the larger earthquakes outside of the reservoir area (Figure 5),
lower levels of aftershock activity are characteristic of the natural background
seismicity of the region. It thus appears that the October 1975 earthquake was part
of the natural seismicity of the region and it will not be considered in the following
discussions of the induced activity. Although they are smaller and of less significance
in the ideas to be developed below, five of the other earthquakes with M = 3.0
indicated in Figure 12 also are outside the main area of induced seismicity and have
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little or no aftershock activity (June 1972, April 1973, April 1974, March 1976, and
May 1979). These are identified in Figures 9 and 10 and it is assumed that they also
are not induced. Note that the events of 27 May 1971, 30 May 1972, and 27
November 1972, which are outside of the reservoir area, but occurred after the start
of filling, also have relatively low numbers of aftershocks (Figures 3 and 5).

From December 1975 to the end of February 1976, the water level decreased
slowly until 1 March 1976, when the spring irrigation cycle began again. Like the
one in 1975, the decrease began abruptly and was accompanied by a minor increase
in seismicity. In late April and early May 1976, a rapid fluctuation in water level
occurred, but the water depth was well below its former maximum and no increase
in seismicity was observed.

The second major stage of filling began in early July 1976. As a result of
observations from 1972 to 1975, we had concluded that increased seismicity at Nurek
was related to rapid decreases in the filling rate: either an abrupt stop in filling (as
in November 1972) or a rapid decrease in water level (as in March 1975). We
therefore recommended that the second stage of filling be carried out as slowly and
smoothly as possible. As Figures 5 and 8 show, except during a period of rapid
fluctuation in mid-August for testing of a tunnel, the filling curve for late 1976 was
much smoother than in 1972, especially as the water level peaked at 205 m in
December. The filling cycle began on 1 July, when the water level was 120 m, 20 m
below its former maximum of 140 m which occurred in November 1975. This former
maximum was exceeded on 20 July and the water level continued to rise at
approximately 3 m/day until 2 August when a tunnel was tested. On 2 August, a
level of 160 m was reached, following which the level decreased to 157 m on 11
August and then continued to rise.

From April to July 1976, the water level was approximately 15 m below the former
maximum and the level of seismicity was lower than for most of the postimpounding
period. Activity remained low during the first part of the renewed filling cycle, until
it increased sharply in mid-August, immediately following the rapid decrease in
water level for testing of the tunnel. The seismicity rose to a peak in early September,
including an earthquake of magnitude 4.1 on 13 September, and then gradually
decreased, even though the water level continued to rise at a gradually decreasing
rate until 21 December, when it peaked at 203 m. The water level immediately
began a gradual decline accompanied by a slight increase in seismicity, including
the second largest earthquake of the 1976 to 1977 swarm (M = 3.6) on 15 January
1977. In early March, when the water level was 30 m below the December peak, the
annual irrigation cycle began and the rate of emptying increased. A seismicity
increase in March is partially masked by the continuing decay in the activity which
began earlier (Figure 8). The water level started to increase again in late May and
the seismicity gradually decreased and remained low until September, when the
water level had again exceeded its previous maximum.

From 15 October to 1 December 1977, the water remained at a very stable level
(ranging less than 20 cm, between 217.8 and 218.0 m) and the seismicity was low.
The water level began to decrease on 1 December, with the rate of emptying
increasing slightly in early January. A magnitude 3.9 earthquake occurred on 25
December and events of magnitudes 3.3 and 3.5 occurred on 15 January and 7
February 1978. The 25 December event was at the northeastern end of the most
northeasterly group of induced activity and the 15 January and 7 February events
were at the northeastern end of the group of earthquakes in the central part of the
reservoir (Figures 9 and 10). On 1 March, when the water level had dropped to 10
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m below the November peak, the level began to decrease more rapidly, and there
was a minor increase in seismicity.

Except for a short burst in mid-November 1978, the pattern of seismicity during
the 1978 to 1979 filling cycle was similar to that in 1977 to 1978, but at a reduced
level of activity. The seismicity was low during the start of filling from May to
August; increased in September after the water level had exceeded the previous
maximum; was low while the water level remained constant from early October to
mid-January 1979; and increased as the water level began to drop in late January
and February.

As the water level began to rise in mid-1979, a burst of activity occurred in June,
including an event of magnitude 3.2, in an area to the southwest that had not been
active since 1972 (Figure 9j).

WATER LEVEL AND SEISMICITY

Induced seismicity can be considered as the response of the crust beneath the
reservoir to the application of an external load. The forcing function of the load is
the water level in the reservoir. This load alters the seismicity by changing, through
some transfer function, the stress conditions in the crust, both by increased elastic
stress and increased pore pressure (Snow, 1972; Simpson, 1976). A number of factors
may control whether and where induced seismicity occurs (Simpson, 1976). Many
of these factors are external to the reservoir system (e.g., preexisting stress, geological
and hydrological conditions, fault strength, etc.). Once induced seismicity does
occur, factors depending on feedback within the response of the crust to the reservoir
can also control whether and where future activity will occur (e.g., changes in stress
and fault strength resulting from earlier induced earthquakes). Although many of
these external and feedback factors may play an important role in determining the
size and location of induced earthquakes, changes in water level alone appear to
explain most of the general features of the temporal variations in induced seismicity
at Nurek. The manner in which Nurek Reservoir has been filled, involving various
stages of construction, with extensive annual variations in water level, provides a
variety of different filling rates and excursions in water level which can be compared
with the level of seismicity.

The induced seismicity at Nurek is not a direct function of the absolute water
level. Neither the number of earthquakes nor their size increases in proportion to
the depth of water. Although the number of earthquakes was higher in 1976, during
the second stage of filling, than it was in 1972, during the first stage, the level of
activity did not increase as the water level rose higher in 1978 and 1979. In addition,
the peak in activity in 1976 occurred early in the filling cycle, well before the peak
in water level was reached.

The seismicity does depend on the absolute water level to the extent that virtually
all of the major bursts of seismicity occur when the water level is near or above any
previous maximum. Figure 13 shows the periods of increased activity and times at
which the water level was higher than it had been previously. The major increases
in activity in 1972, 1973, 1976, and 1977 all occur after the water depth had reached
a new maximum. Periods of relatively low activity tend to follow times of lower
water level.

The correlation of increased activity with high water level and low activity with
low water level is improved if we introduce a delay between the change in water
level and the response in the seismicity. In Figure 13 we define periods in which the
system is “highly primed” as beginning when the water level exceeds its previous
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maximum by 10 m and remaining in effect until the level drops 10 m below the new
maximum. Periods in which it is “primed” are any other times when the level is
within 10 m of its previous maximum. Although we have used £10 m as the criterion
for delay, a constant time delay after the water level enters or leaves a new maximum
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F1G. 13. Comparison of seismicity with primed states and triggering. The level of activity, as measured
by the number of earthquakes K = 6.5/30 days, is compared to times of “high water,” “high prime,” and
“prime” in the upper section. “High water” is any time when the water level is higher than it has been
previously. A state of “high prime” is entered when the water level exceeds a previous maximum by 10
m and remains in effect until the level drops 10 m below the new maximum. A state of “prime” begins at
any other time when a major peak in water level occurs and remains in effect until the water level drops
10 m below the maximum or begins to rise again. All the major bursts in seismicity start when the system
is highly primed and most minor bursts begin when it is primed. Unprimed states usually correspond to
periods of relatively low activity.

In the lower section, shorter term changes in seismicity and the times of the largest induced earthquakes
are compared with times of “strong” and “critical” triggering. “Strong triggering” is a rapid and sustained
decrease in the rate of filling. “Critical triggering” exists when the water level is at a peak and the
transition occurs from filling to slow and sustained emptying. Those times of strong triggering that occur
during primed periods are indicated by circles and those cases in which the drop in filling rate is very
large (d*H/dt* < —0.5 m/day®) are indicated by solid circles. All the largest induced earthquakes occur
during bursts that start with strong or critical triggering during primed states.

would have a similar effect. At this stage it is only important that the system
appears to display some hysterisis—the response in increased seismicity lagging
behind the increase in water level and states of high seismicity persisting after the
water level begins to drop.
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Although the increased seismicity consistently occurs when the system is primed,
the timing of when the earthquakes occur within the primed period is not always
the same. In some cases, the highest activity occurs at a new peak in water level
(e.g., November 1972); in others, it occurs before the peak is reached (e.g., September
1976) and in yet others, it occurs when the water level begins to drop (e.g., March
1975).

The times at which increases in seismicity occur at Nurek appear to be controlled
by the rate of change in the water level. As stated earlier, most of the activity is
related to decreases in the rate of filling. In Figure 13, we define times of “strong
triggering” as when the water level gradient drops rapidly to zero or less (i.e., dH/dt
< 0 and d’H/dt* < 0). Times of “critical triggering” are when dH/dt passes
gradually through zero (i.e., a change, at a major peak in water level, from slow
filling to slow emptying).

All of the earthquakes greater than magnitude 3.5 are related to times of high or
intermediate prime and strong or critical triggering. The largest induced earth-
quakes, of magnitude 4.3 and 4.6 in November 1972, followed immediately after the
strong triggering related to the abrupt stop in filling. The magnitude 4.1 earthquake
in March 1975 was the largest of a sequence that began with a rapid drop in water
level. The swarm culminating in the magnitude 4.1 earthquake in September 1976
began with the strong triggering caused by the testing of the tunnel in August 1976.
The magnitude 3.6 event in January 1977 and the magnitude 3.9 event in December
1977 both followed times of critical triggering.

All the other pronounced increases in seismicity, except for the minor bursts in
August 1975 and June 1979, happen when the system is primed and the water level
is either decreasing rapidly (e.g., March 1976) or dH/dt is fluctuating about zero
(e.g., July to October 1973). When weak triggering exists but the system is not highly
primed, or when strong triggering exists but the system is not primed at all, increases
in seismicity are either minor or not present (e.g., March 1974, August 1974, April
1976, and July 1977).

Of special interest are the four similar draw-downs in water level between 1974
and 1976. All four cycles began when the water level was near 125 m and involved
decreases of approximately 20 m. Of the four, the one in March 1975 began most
rapidly, started when the water level was closest to its former maximum, and had
the largest earthquake associated with it. The cycle beginning in March 1976 was
almost as rapid but it began when the water level had already dropped slowly by 6
m. In this case the increase in seismicity was small and more scattered in location
than that in 1975 (see Figure 9). The two draw-downs in 1974 were more gradual,
but began closer to the previous maxima. The slight increases in seismicity that
occured were more concencrated in location (Figure 9).

The responses in seismicity to the six peaks in filling in 1972 to 1973, 1973 to 1974,
1976 to 1977, 1977 to 1978, and 1978 to 1979 present interesting variations on a
similar theme. The general pattern is one of a burst of activity at or before the peak
in water level; relatively low activity if the water level remains constant at the peak;
and increased activity as the water level begins to decrease. In 1972, no strong
triggering occurred after the water level exceeded 80 m, and the first peak was
reached without any increase in seismicity. The major seismicity (on 6 November,
1972) followed the rapid decrease in filling rate as the water level reached 104 m on
2 November. The water level remained relatively stable for 2.5 months with a low
level of seismicity which did not increase until the water level began to decrease
slowly in late January 1973. The new maximum water level in October 1973 was
reached in a series of short increases, accompanied by short bursts of minor
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seismicity. The peak in water level was maintained with low seismicity for 1.5
months from mid-November until the water level began to decrease at the end of
December. In 1976, the major swarm began with the strong trigger in August, well
before the maximum water level was reached. There was no holding of water level
at its peak and no local minimum in seismicity is observed. The 1977 to 1978 filling
cycle raised the water level only 15 m above the 1976 peak. The level of seismicity
is lower but the general pattern is clearly seen. Unlike 1976 to 1977, the maximum
earthquake occurred at the start of the emptying cycle, after the peak in water level
(with correspondingly low seismicity) had been maintained for 2 months. The 1978
to 1979 filling cycle increased the maximum water depth by 25 m. Although broader
and less intense than the 1977 to 1978 effect, the same pattern in seismicity can be
seen with increased activity beginning in September 1978 and February 1979 and
relatively low activity during the peak in water level from October to January. The
lower level of activity compared to 1977 to 1978, in spite of the greater increase in
maximum water level, may be due to the more gradual increase in water level in
1978 or related to a general decrease in stress level caused by the larger earthquakes
in 1976 to 1978.

When the water level is at a maximum, the difference between a stable level and
an emptying rate sufficient to cause increased seismicity, is extremely small. The
increased seismicity in February 1973, January 1977, December 1977 and February
1979 occurred when the water level was decreasing at rates between 0.02 and 0.10
m/day and when the water level was only 1 to 2 m below its peak value.

DiscussioN

The filling of a large reservoir changes the stress regime by increasing vertical
stress caused by the weight of water and by decreasing effective stress due to
increased pore pressure. Whether the net effect on fault zones is one of increased or
decreased stability depends strongly on the orientation of preexisting stresses and
the geometry of the reservoir/fault system (in particular, the location and dip of
faults with respect to the reservoir). Snow (1972), Simpson (1976), Gupta and
Rastogi (1976), and Bell and Nur (1978) show how load and pore pressure tend to
decrease stability in cases of normal faulting (maximum compressive stress vertical);
whereas the net effect is one of increased stability in regions of thrust faulting
(maximum compressive stress horizontal).

The Tadjik Depression is in a broad zone of horizontal compression related to the
India-Eurasia collision. Focal mechanisms for the region are generally of thrust type
(Soboleva et al., 1974). Keith et al. (1981) show the induced seismicity at Nurek to
be occurring on a series of thrust or reverse faults connected by short segments
showing strike-slip motion.

Simpson (1976) and Bell and Nur (1978) suggest that temporal changes in water
level and lateral variations in permeability may be an important factor in explaining
the occurrence of induced seismicity in regions of thrust faulting. Raising the water
level immediately increases the vertical stress which opposes the natural horizontal
compression and stabilizes faults. The diffusion of increasing pore pressure into fault
zones gradually decreases the effective stress, weakening the faults. As long as the
water level continues to rise and the load effect exceeds the pore pressure, the net
effect is one of increased stability. If the water level decreases rapidly, however, the
stabilizing effect of the increased vertical stress is removed immediately, whereas
high pore pressure persists until it can diffuse away. Thus, rapid decreases in water
level can lead to immediate instability (Simpson, 1976). Lateral variations in
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permeability (e.g., along faults) can produce zones of increased pore pressure where
net weakening can occur (Bell and Nur, 1978).

The opposing nature of the effects of load and pore pressure in regions of
maximum horizontal compression can explain the relationship between loading rate
and seismicity at Nurek. As the water level rises, the load effect initially dominates
causing lower seismicity. When the filling rate decreases, rising pore pressure exceeds
the load effect, resulting in increased seismicity as a peak in water level is reached.
If the water level remains constant, pore pressure and load equilibrate and seismicity
decreases. When the water level drops, the load is removed before pore pressure can
disperse and activity increases with little or no time delay. If changes in the rate of
filling take place slowly compared to the diffusion time constant, the effect is small.
When they occur rapidly the effect on seismicity is much greater.

There is a very short time delay between decrease in filling rate and the onset of
increased activity. In March 1975, when the water level dropped rapidly after an
extended period of relatively constant water level, seismicity increased within 1 day.
When the decrease in filling rate follows a period of rising water level, the time
delay is longer (e.g., 4 days in November 1972 and 8 days in August 1976) because
of the initial stablizing effect of the increased load.

The area where induced seismicity began in 1971, 10 to 15 km southwest of the
reservoir, had shown a higher level of seismicity prior to impounding (including an
M = 4.2 earthquake in 1966) than the region immediately surrounding the reservoir,
where most of the post-1972 activity occurred (Figures 3 and 4). The b value for the
1971 to 1972 induced seismicity was lower than for the later stages of activity and
was closer to the average for the noninduced seismicity both before and after
impounding (Figures 6 and 7). Because of the higher seismicity in the southwest
before 1971, it can be assumed that faults in that area were less stable than elsewhere
in the reservoir region and hence more susceptible to triggering by small changes in
stress.

Mogi (1963) shows that high & values are associated with spatially heterogeneous
stress distributions, while more homogeneous stresses produce lower b values. Scholz
(1968) relates high b values to low mean stresses. Gupta et al. (1972) explain the
high & values observed in some cases of induced seismicity as resulting from the
heterogeneous nature of stresses induced by a reservoir.

As suggested by Simpson (1976), a gradual rise in pore pressure, which exceeded
the load effect, may have been the dominant factor in triggering the earthquakes
southwest of the reservoir in 1971. Since they were at distances of 10 to 15 km from
the reservoir, any short wavelength changes in stress (temporal and spatial) would
have been filtered out before reaching these distances. Thus, the weakening of faults
in this area resulted from a diffuse and relatively homogeneous rise in pore pressure.
The resulting increase in seismicity was the triggered release of preexisting stress
which took place at an accelerated rate, but in a manner that retained the relative
distribution of large and small shocks and hence gave a b value similar to the
regional average. In contrast, once the seismicity had migrated into the immediate
reservoir area, it was responding to higher stress gradients in a more heterogeneous
stress system (i.e., without the filtering effect of distance from the source) giving
rise to higher b values.

The northeastern end of the reservoir region also exhibited a relatively high level
of seismicity prior to impounding (Figures 3 and 4). This may explain why, as the
induced seismicity migrated into this area in 1977 to 1978 (Figure 10), b values began
to decrease (Figure 7). The minor bursts of activity in the northeastern end of the
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reservoir region from May to August 1975 and the larger event in March 1976
(Figures 9 and 10) took place before the water level had increased in that area. The
occurrence of these events outside the immediate area of increased water depth may
be explained in the same manner as the early activity at the opposite end of the
reservoir in 1971.

The activity at the southwestern (1971 to 1972) and northeastern (1975 to 1978)
ends of the reservoir region (outside of the main body of the reservoir; in regions of
high prior seismicity; and showing low & values) thus represent a “triggered” release,
on relatively unstable faults, of preexisting stress conditions. The activity in the
central region (in the immediate vicinity of the deepest parts of the reservoir; in a
region of low prior seismicity; and showing high b values) may more strongly reflect
true “induced” seismicity, with the elastic load of the reservoir playing a significant
role in raising the stresses to a critical level as well as triggering the release of these
stresses.

CONCLUSIONS

Earthquakes as large as magnitude 4.6 have been induced by the filling of Nurek
Reservoir to 250 m. Activity began when the water depth was less than 80 m and
the largest earthquakes occurred as the water level first exceeded 100 m. Raising
the warver level above its previous maximum primes the area near the reservoir to a
state of high potential for increased seismicity. Once in the primed stated, the timing
of the occurrence of activity is controlled by changes in the rate of filling of the
reservoir. If the race of filling remains high, seismicity remains low. Decreases in
filling rate cause bursts of increased seismicity. The more rapid and sustained the
decreases in rate, the more intense the resulting increases in seismicity. The
difference between stable water level and a sustained emptying rate as slow as 0.02
m/day is sufficient to initiate increased activity. The largest earthquakes follow
times when the rate of filling was decreased by more than 0.5 m/day®. The time
delay between the change in filling rate and increased seismicity can be as short as
1 day.

Nurek is located in a region of high-horizontal compressive stress. In such an
environment, the increased vertical stress from the weight of the reservoir tends to
increase stability; while increased pore pressure lowers effective stress and decreases
stability. The close correlation between rates of loading and seismicity at Nurek
may be related to the opposing nature of these two effects.

Induced seismicity appears to be a transient phenomenon. In most of the reported
cases of induced seismicity, activity has gradually decreased with time and none of
the largest induced earthquakes throughout the world occurred more than 10 yr
after the reservoir was first filled (Simpson, 1976). After a sufficient length of time,
perhaps on the order of tens of years, the region around a large reservoir must reach
a new equilibrium and, if the water depth in the reservoir remains relatively
constant, the reservoir should have no more effect on the seismic regime than a
natural lake. In cases, such as Nurek, where the seismicity is clearly related to
variations in water level, control of the rate of filling may regulate the release of
seismic energy as this new equilibrium is reached. Changes in the rate of filling, and
rapid decreases in rate in particuiar, are largely controlled by artificial manipulation
of the outflow from the reservoir. The Nurek data clearly show that rapid decreases
in filling rate, when the water level is significantly above the previous maximum,
should be avoided. It is not obvious however whether the “safest” way to reach a
desired peak in water level is by a series of small steps, releasing accumulated stress
in minor bursts by artificial triggering at each stage; or by a slow and smooth filling
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without any rapid changes in filling rate. The extremely small changes in rate that
are sufficient to cause increased activity at Nurek suggest that it may be difficult to
maintain “slow and smooth” filling to within the required limits.
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Abstract. Induced seismicity is occurring at the 315 m high
Nurek dam in Tadjikistan, USSR. An intense burst of seismicity accom-
panied the second stage of filling of the reservoir from 120 to 200 m
during August to December 1976. Hypocentral locations and fault-plane
solutions determined using data from a ten-station telemetered network
surrounding the reservoir show the activity to be concentrated on a
series of narrow, planar fault zones near the central basin and on
more diffuse zones along the upstream edges of the reservoir. The
activity extends to depths of 8 km and appears to be confined within
the upper plate of the Ionakhsh thrust, a listric fault which outcrops
1 km north of the dam. The dominant mode of deformation in the post-
Paleozoic sediments of the Tadjik Depression is thrusting. Fault-
plane solutions for the induced seismicity show short segments of
strike-slip and thrust faulting for the most intense activity near the
central basin, and normal and thrust faulting along the upstream edges
of the reservoir. 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. The spatial distribution of seismicity within the
active zones is in general agreement with that expected from models of
the changes in strength associated with reservoir loading. The
temporal distribution of seismicity shows a migration outward from the
center of the reservoir, probably associated with diffusion of pore

pressure,
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Introduction

Seismicity induced by reservoir impoundment has been clearly
established at many dam sites [for reviews see Gupta and Rastogi,
1976; Simpson, 1976]. The economic and social importance of a proper
understanding of the phenomenon is obvious. The threat to the inte-
grity of a dam posed by induced seismicity constitutes a major portion
of the seismic risk to the structure {[Packer et al., 1978]. In
addition this phenomenon has some importance for earthquake prediction
research. The ability of fluid pressure increases to induce seismi-
city has been demonstrated with the injection of fluids in deep wells
[Raleigh et al., 1976]. An understanding of the effects on reservoir
seismicity of small stress changes, due to water load and pore pres-
sure could lead to significant insight into dilatancy and earthquake
precursory phenomena [Scholz et al., 1973]. Reservoir impoundment can
provide a semi-controlled laboratory for prediction studies, provided
an adequate description of the structure and deformation of the region
beneath the reservoir can be obtained.

Whilst seismograph networks have been installed around many
reservoirs, they have rarely been dense enough to provide adequate
resolution of the seismically active areas. Nor have they usually
been installed for a sufficient length of time prior to impoundment
for the background seismicity level to be properly defined. Con-
sequently, the relationships between the induced seismicity, the

active geological structures and the regional tectonics have not been
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adequately resolved. Such resolution is important for an accurate
description of the response of the crust beneath the reservoir to the
applied load.

At Nurek Reservoir in the Tadjik Republic of Soviet Central Asia,
we have an example which provides a reasonably adequate degree of
resolution and where (i) the induced seismicity defines several dis-
tinct fault zomes, (ii) composite fault plane solutions are consistent
with the regional and reservoir—induced stresses but differ between
the distinct fault zomes, and (iii) the seismicity exhibits.space-time
variations in activity along the fault zones.

In 1975 a high—gain seismograph network with a central recording
facility was installed around Nurek Reservoir by Lamont-Doherty Geo-
logical Observatory and the Tadjik Institute of Seismoresistant Con-
struction and Seismology (TISSS) as part of the Joint Soviet-American
Program in Earthquake Prediction. The network is similar to that des-
cribed by Simpson et al. [1981]. This network and the reservoir out-
line are shown in Figure 1. Also shown in Figure 1 are the current
stations of a separate network operated by TISSS since 1955. The two
networks complement one another. The TISSS network provides a reason-
ably homogeneous catalog of seismicity from 1955 to the present, with
about 15 years of pre-impoundment seismicity data. The American net-
work provides the spatial resolution needed to determine the active
geological features. Simpson and Negmatullaev {1981], using data from
the TISSS network, describe the increase in seismicity associated with
the filling of the reservoir and the relationship between changes in
water depth and the level of seismicity. In this paper, using data

from the telemetered network, we will concentrate on the three-
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Fig. 1. Seismic stations of the TISSS and American networks at Nurek.
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dimensional spatial configuration of the seismicity during the 1976
swarm, the deformation as indicated by composite fault plane solu-
tions, and the relationship between the seismicity and the inferred

geological structure and regional tectonics.

Induced Seismic Episodes

The number of earthquakes (M > 1.5) from the TISSS catalog and
water levels for the period 1969-1979 are shown in Figure 2. The
reservoir first began to fill in 1968, but the first sustained filling
occurred in 1972 when a water depth of 100 meters was achieved for the
first<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>