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FOREWORD

This book is sponsored by the project of “Reservior — Induced Seismicity ( RIS) Monitoring
and Prediction Study for Complex Tectonic Region” (2006SGO1) , which is financed by Science
and Technique Department of Yunnan Province, P. R. China, and conducted by Earthquake Ad-
ministration Bureau of Yunnan and Yunnan Lancang River Hydropower Development Co. Ltd.
The book is also an important part of the study results of project, “RIS Monitoring and Prediction
Study for Complex Tectonic Region”.

The suggestion and sponsoring of “ RIS Monitoring and Prediction Study for Complex Tecton-
ic Region” was based on that large scale reservoir construction has begun since late 20th centuary
in China, most of the reservoirs were constructed and are constructing in the Western China where
the seismotectonic background is complex, the RIS problems appear very obvious and complex.

The aims of the projects are to comprehensively research the active rules of RIS, to research
the genetic process and mechanism of damage reservoir — induced earthquakes (RIE) , and to de-
sign the tectonic — physical model of damage RIE and RIE monitoring and prediction system for
Hydro — Power Construction Area of median — downstream Lancangjiang River where the seis-
motectonic environment is very complex, more than ten reservoirs are under construction and go-
ing to be constructed.

The book is presented to ones who are interested in reservoir — induced seismicity |

Authors
May 2008
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Preface

The construction of reservoirs with dam height =100 m of the human race began in the early 20th century,
and up to now it has lasted about 100 a. The large number construction has begun since the median 20th centu-
ry.

According to I. C. O. L. D. in 1973, there were about 326 reservoirs with dam height =100m in the world,
including 265 reservoirs finished and 61 reservoirs under construction. In 2003, there were about 670 reservoirs
with dam height =100 m in the world, including 155 large reservoirs with dam height =150 m. The increasing
rate of reservoirs with dam height =100 m was 11 annually during this period.

It is well known that the problem of reservoir — induced seismicity ( RIS) has been paid attention since the
occurrences of earthquake of M4.7 occurred at Marathon Reservoir in Greece in 1938 and earthquake of M4. 6
occurred at Lake Mead in U. S. A, in 1939 ( Ding, 1989; Gupta, 1992). The dam height and capacity of
Marathon Reservoir is 67m and 0. 67 x 10° m®, the dam height and capacity of Lake Mead is 221 m and 375 x
10° m’.

[t was the first time that RIS was proposed by Carder (1945) for Lake Mead ( Gupta, 1972). Since then,
a number of RIS cases have been cited by Caloi (1966) , Galanopoulos (1967), Adams (1969) , Comminakis
et al. (1968), Guha et al. (1968), Narain and Gupta (1968), Gupia et al. (1969), Rothe (1968, 1969
and 1970) , Gough and Gough (1970) , and others.

By the early 1970s, only over a dozen cases of RIS were reported ( Gupta, 1992 ).

Up to 1986, statistics of 33770 reservoirs in 29 countries including China indicated 116 reservoirs which
occurred RIS (Li, 1999).

Up to the early 21th century, more than 140 RIS cases were determined in the world{ Yao, 2006) , inclu-
ding 4 cases of M=6.0, 36 cases of M4.5 ~5.9, 43 cases of M3.0 ~4.4, and 51 cases of M2. 0 ~2.9. The
RIS cases distribute in more than 30 countries, and more than 10 of them are found in China. It was reported
that the RIS phenomenon occurred Sanxia Reservoir ( Three Gorge Reservoir) in Hubei, China when the water
depth approached 135 m.

The earthquake of M6. 1 occurred at Xinfengjiang Reservoir in Guangdong on 19 March 1962 is considered
the first RIS case of M=6 (Ding, 1989). During 5 years after Xinfengjiang earthquake, 3 other earthquakes of
M =6 occurred at Kariba Reservoir at Zambia — Zimbabwee Border, Kremasta Reservoir in Greece and Koyna
Reservoir in Indian. These earthquakes caused large damages and economic losses. Therefor, much more atten-
tions have been paid to the RIS study since the median of 20th century.

For a long time, the role of reservoirs in inducing earthquakes was not well understood untill the fluid in-
jection investigation in early 1960 s at Rocky Mountain Arsenal in Colorado, and the application of Evans

(1966) on mechanism of inducing earthquakes by increasing fluid pressure which is the work of Hubbert and

Rubey in 1959 (Gupla. 1992).

1. RIS Monitoring and Study in Last Half Century

A lot of monitoring works, basic studies and prediction technique studies in the RIS field have been carried

out by the researchers in the world during the past half century. The major achievements are follows:



1.1 Monitoring of RIS

The earliest earthquake monitoring of RIS began in the Lake Mead area in 1938. Since the 1950s of 20th
century, the RIS monitoring has been carried in most countries to determine seismological motion and earth-
quake dynamic parameters of RIS, and also to study the relationship among earthquake and water filling and ge-
ology. Beside the earthquake monitoring, the seismic stress dropping survey and hydro — pressure — breaking
stress survey were carried at Menticello Reservoir of U. S. A. during the period of 1978 ~ 1980 by Zoback and
Fletcher. Talwaini et al. surveyed the hydro — chemical composition at Menticello Reservoir etc. based on the
relationship between earthquake spatial — temporal distribution and the hydro — chemical composition, they pre-
dicted two earthquakes of M2 ~4 (Hu,1983).

The RIS monitoring in China began after the Xinfengjiang M6. 1 earthquake in Guangdong occurred at the
vicinity of Xinfengjiang Reservoir dam on 19 March 1962. After the occurrence of Xinfengjiang M6. 1 earth-
quake the station network was set up in Xinfengjiang Reservoir area, which was renewed in the early 1980s and
work today. The Chinese Hydroconstruction Design Code regulated that the RIS study and earthquake monitoring
should be carried in the high dam construction area where there is large probability of RIS occurrence, geolog-
ical condition is complex, and active faults are developed.

The Chinese RIS monitoring has processed following four periods in the last 40 years( Yang, 2000) .

(1) The First Period of RIS Monitoring, which was characterrized by manual operations. Some monitoring
stations were set up at Nanshui Reservoir in Guangdong in 1960s, Dahua Reservoir in Guangxi in 1980s, Yan-
tan Reservoir in Guangxi and Tongjiezi Reservoir in Sichuan in 1990s.

(2) The Second Period of RIS Monitoring, named as unspecialized remote monitoring model, which was
quoted from the technique for monitoring nature earthquake. For example. the monitoring networks during 1970s
to 1990s at Long Yangxia Reservoir in Qinghai, Danjiangkou Reservoir in Hubei, Manwan Reservoir in Yun-
nan, Shuikou Reservoir in Fujian, etc.

(3) The Third Period of RIS Monitoring, which was specially manufactured by the Ertan Reservoir Monito-
ring Seismic Network Study in Sichuan and 5 ~9 stations were designed at Geyanhe Reservoir in Hubei, Long
yangxia Reservoir in Qinghai, etc.

(4) The Fourth Period of RIS Monitoring, is characterized by the establishment of Sanxia Reservoir — In-
duced Seismicity Monitoring System in Hubei, which is composed of seismology and deformation and under-
ground fluid monitoring techniques. It has also been used at Xinuodu Reservoir, Xiangjiaba Reservoir, and

Baihetan Reservoir.

1.2 RIS Study

Accompanied with the RIS monitorings, a lot of basic studies were also carried out, including special
studies for some reservoirs, RIS cases investigations, the RIS characters and genesis studies.

(1) RIS Case Reports and Special Studies for Some Reservoirs. Up to date there are many research articles
for some reservoirs. These reservoirs include Bhatsa Dam in India; Lake Mead, Oroville Reservoir, Clark Hill
Reservoir, Lake Keowee, Lake Jocassee, Manticello Reservoir in U. S. A. ;Lake Kariba, at Zambia — Zimbabwe
bonndary ; Lake Kremasta in Greece;Lake Benmore in New Zealand ; Lake Marathon in Greece ; Carmo do Cajuru
Reservoir ( Porto Colombia dam, Volta Grande Dam ) , Marimbondo Reservoir in Brazil; Osman Sagar Reservoir,
Bhakra Dam and Koyna Dam in Indian; Toktogul Reservoir in Tadijk ; Aswan Dam in Egypt. There are also some
research articles or data for 28 Chinese reservoirs, including Xinfengjiang Reservoir and Nanshui Reservoir in
Guangdong; Dahua Reservoir and Yantan Reservoir in Guangxi; Shenwo Reservoir in Liaoning; Danjiangkou
Reservoir, Qianjin Reservoir and Panjiakou Reservoir in Hubei; Shiquan Reservoir in Shanxi; Manwan Reser-
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voir and Dachaoshan Reservoir in Yunnan, Shuikou Reservoir in Fujian, Tongjiezi Reservoir, Ertan Reservoir
and Dagiao Reservoir in Sichuan, Geyanhe Reservoir and Sanxia Reservoir in Hubei, Zhelin Reservoir in Jian-
gxi; Dongjiang Reservoir and Huangshi Reservoir in Hunan; Wujiangdu Reservoir, Dongfeng Reservoir and
Yinzidu Reservoir in Guizhou; Wuxijiang Reservoir and Shanxi Reservoir in Zhejiang; Kezier Reservoir in Xin-
jiang; Longyangxia Reservoir in Qinghai; Jiangkou Reservoir in Chongging.

Generally, there are more study materials for the reservoirs which are in large scale or induced larger earth-
quake (M=4.0). The reservoirs include Chinese Xinfengjiang Reservoir in Guangdong, Danjiangkou Reservoir
in Hubei, Shuikou Reservoir in Fujian, Sanxia Reservoir in Hubei; Lake Mead, Lake Kariba, Koyna Dam,
Oroville Reservoir, Lake Jocassee, Manticello Reservoir, Nureck Reservoir etc in other countries.

A lot of these study articles concern the characters of post — impoundment seismicity and the relationship
between seismicity and water level. The detail geological data of reservoir are comparatively few.

(2) Comprehensive Studies on the Characters of RIS Mechanism. Beside of the studies on the special res-
ervoirs, some comprehensive studies on characters of RIS genesis and mechanism are also reported. Their repre-
sentations include:

The book of " Reservoir — Induced Earthquakes in China” in Chinese was authored by State Seismological
Bureau of CHINA in 1983, containing 22 articles that study eight chinese reservoirs including Xinfengjiang Re
servoir, Danjiangkou Reservoir in Hubei, Zhelin Reservoir in Jiangxi, Qianjin Reservoir in Hubei, Nanshui
Reservoir in Guangdong, Wujiangdu Reservoir in Guizhou, Wuxijiang Reservoir in Zhejiang, Huangshi Reser-
voir in Hunan. The geological conditions, classification, genesis and mechanism of RIS cases in China were al-
so analyzed in the compiling book.

Another Chinese book of “Reservoir — Induced Earthquakes” was published in 1989, in which 41 RIS ca-
ses were introduced, including 20 cases of Asia (7 cases of China), 10 cases of European, 4 cases of Africa,
7 cases of North America, 4 cases of Australia, 3 cases of seismic decrease ( Ding, 1989 ).

In 1992, the book of “Reservoir — Induced Earthquakes” was published, in which 41 RIS cases were also
introduced, and the characteristics and mechanism of RIE were discussed ( Gupla, 1992).

Beside of the books, some comprehensively specialized articles on RIS have also been published. For ex-
ample .

Gupta H. K. and Rajendran K. , Large water reservoirs in the vicinity of the Hymalaya Foothills and reser-
voir — induced seismicity.

Chen L. , Talwani P. | Reservoir - induced seismicity in China.

Assumpcao M. , et al. , Reservoir — induced seismicity in Brazil;

Simpson D. W. | et al. , Induced seismicity study in Soviet Central Asia.

Ohtake M. | Seismicity change associated with the impounding of major artificial reservoirs in Japan.

Baecher B. G and Keeney R. L. , Statistical examination of reservoir induced seismicity.

Gupta H. K. and Rastogi B. K. , et al. ,Common features of reservoir associated seismic activity.

Bock G. , Load —induced stresses and their relation to the initial stress field.

Talwani P. and Rastogi B. K. , Mechanism for reservoir induced seismicity. Earthquake Notes.

Roeloffs E. A. , Fault stability changes induced beneath a reservoir with cyclic vanations in water level;

Rothe J. B., Fill a lake, start an earthquake.

Kisslinger C. , A review of theories of mechanisms induced seismicity.

Hubbert M. K. and Rubey, W. W. Role of fluid pressure in mechanics of overthrust faulting.

Simpson D. W. | et al. , Seismicity changes associated with reservoir loading.

Stuart — Alexander D. E. , et al, Impoundment — induced seismicity associated with large reservoirs.

Castle R. O. , et al. , Tectonic state; its significance and characterization in the assessment of seismic
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effects associated with reservoir impounding.

2. Problems on RIS Study

Although much more progresses have been achieved in RIS study, and much more knowledges on RIS have

also been obtained, some important problems exist still in RIS study.
2.1 RIS Study in the Initial Period of the Datum Accumulation

It was proposed that we know few about why RIS occurred and cann’t be sure the reservoirs which may in-
duce earthquakes ( Allen, 1980; Hu, 1981).

In 1983, a cursory section on induced seismicity in a publication of the U. S. National Academy of Sci-
ences, which concerned the dam safety, stated that there is a question of whether a reservoir may induce earth-
quakes. To date there is no universally accepted proof that this can occur, but it is possibale that should be
given consideration ( Gupta, 1992).

Hu (1983) pointed that although the RIS study gets some progresses recently, but it still in the period of
datum accumulation. More work should be carried out in detail monitoring and study for RIS cases to accumulate
abundant and accurate data. It is very important to develop the RIS research.

Gupta (1992) stated that the phenomenon of RIS is not yet fully understood. Frequently asked questions
are how 1o assess the potentiality of reservoir — induced earthquakes at a given reservoir site,and what would be
the magnitude of the largest induced earthquake. During the past three decades, some knowledges on RIS had
been gained, but there still are a lot on RIS to be learned.

Yi (2003) stated that the RIS has been studied in world after occurrences of some damage RIS earthquakes
during 1960s. The studies during this period were majored in geology , seismology, physical mechanism of RIS
and techniques of risk evaluation and prediction of RIS. However, RIS studies were silent and a few articles
were published after the late of 1980s.

Chen (2004) concluded that the RIS is a complex problem. It belongs to a new item of earthquake study.

RIS is still in the scientific search period in the world. It can’t be predicted accurately today.

2.2 The Inducing Factors of RIS and Their Complex Relationships

Sun (1996) stated that the RIS is controlled by the numeral factors. She made the statistic analysis to 22
states of 6 factors, which include water depth, capacity, stress regime, fault activity, petrology and historic
seismicity.

Li (1999) stated that water filling can not merely induce earthquakes, but can decrease seismicity in cer-
tain geological conditions. It should be necessary to study these phenomena. It is difficult to investigate the de-
tail geological environment of a reservoir. Therefore, it should be careful to analyze the geological data in the
reservoir area in order to conclude the geological characteristics of RIS practically.

It has been generally accepted that there are relationship between RIS and geological structure of reservoir.
It is concluded, however, that the numerous studies on geological environment of RIS were summarized in the
large region, and majored in regional fault dynamics, petrology, tectonic stress regime and seismicity. Some
basic questions are still waited to answer. The more attention should be paid to the comprehensive studies on the
characters of reservoir construction, and geological structures and environment in order to find the major factor of
RIS among the reservoir construction characters, strata feature, geological structures and tectonics, underground

water and stress conditions ( Yi, 2003).
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2.3 Unclearness of RIS Mechanism

The genesis and mechanism of RIS have been in argument in the last half century because there were no
concord knowledge on RIS occurrence and its progress.

Yu (1984) reported the numerous different suggestions on RIS genesis based on regional geological back-
ground, hydrogeological condition of reservoir, water actions and earthquake activity.

Li (1984) concluded that the different RIS progress should be evaluated by different RIS genetic idea. The
oceurrence and progress of RIS should be depend firstly on geological condition and strain energy accumulation ,
secondly on water load pressure and pore — pressure and others including earth rotation.

Yi (2003) stated that there are different opinions on RIS mechanism. The interactions between reservoir
and geological environment should be very complex. The water load, pore — pressure, softening and lubricating
of fault plane under the action of underground water are critical to RIS occurrence. However, which one should

be the most key factor to RIS is still puzzle upto now.
2.4 Lack of Effective Techniques for RIS Prediction

The social need for RIS prediction has appeared since RIS problem occurred. Up to now a lot of efforts
have been made in the search of the long — period prediction technique.

Talwani (1997) pointed out that despite the progress attained in explaining the mechanism of RIS, it is not
possible to predict the future occurrence of reservoir — induced seismicity because of the practical difficulties in
accurately mapping the rock beneath the reservoir, key parameters such as in situ stresses, permeability of the
rock masses and geomeiry of fracture system can’t be deter mined.

According to Yi (2003 ), the major research results of RIS prediction include follows :

The possibility of RIS was evaluated by means of study on rock petrology and its permeating condition, and
geological stability ( Hu, 1979).

In 1979 and 1982, Packer and Baecher suggested probability method of RIS prediction, which use the data
of water depth, capacity, stresses regime, fault activity, petrology in the reservoir area.

In 1984, Hu stated that the geological background and tectonic conditions of RIS are similar to nature
earthquakes. The study idea and method, and prediction experience on nature earthquakes can be used to pre-
dict RIS. The reservoir action and hydrogeology were considered 1o be the main factors in RIS prediction.

In 1989, Chang suggested the indistinct judge theory of RIS,

In 1995, Huang and Xu suggested the nerve net model of RIS prediction.

In 1995, Wang suggested the multiple factor method of prediction for RIS by means of rock structure and
vertical hydrogeological zoning.

In 2000, Xia suggested the program and method of RIS risk evaluation by means of engineering geology ,
which is the comprehensive study of regional engineering geology, lectonics, hydrogeology and seismology.

In 2001, Zhang summarized the numerous RIS prediction methods and classified the methods into certain
precition and uncertain prediction.

In 2003, Yi stated that RIS study is still in the period of datum accumulation and cases comparing search,
there still are not good theory and method to predict RIS risk.

Based on above introduction, the reason of occurrence of different RIS prediction ideas should be that the

study on RIS genetic factors and mechanism has been in the search period.

3. Major Endeavors of This Book

The reservoir seismic safety (RSS) from RIS is the key problem that RIS study should answer ( Mao et al. |
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2007).

The initial RSS problems were noted in dam damages caused by some large nature earthquakes such as San
Fracisco Earthquake of M8.5 on 18 April 1906. The dam seismic safety from nature large earthquake has been
studied since then. By the median of 20th century, some reservoirs including Xinfengjiang Reservoir induced
damage earthquakes and caused dam damage. Therefore, to study the dam seismic safety from RIS was sugges-
ted.

The reservoir construction and earthquake science were in the initial period when the RSS problem faced af-
ter San Fracisco Earthquake of M8. 5 in the early 20th century and the RSS problems were not completely noted.
In the median 20th century, the rapid reservoir construction began so that the numbers of large reservoirs and
reservoir construction countrys increased. The large construction rate results in the relationship between reservoir
and human life was close more and more. RSS cases increase sharply. Consequently, the RSS problem has been
obvious day by day. The seismology techniques were developed, causing more attention to RSS from not only the
nature earthquakes but also the RIS. More and more RSS study techniques and study results have been gotten by
the efforts of globle researchers.

Scientific earthquake study only experiences one century and still in the exploring period. The RIS study
which depends on techniques of studying earthquake only experienced half century. Because of lack of survey
date, the genetic progress and mechanism of RIS are still in argument. The prediction of disasters which was
suggested recently and emphasized by the large earthquake and tsunami occurred in 2004, suggesting new re-
quirement to RIS study.

This book is authored by collecting studing results in order to improve the RIS study on the base of the pre-
vious and recent studies. This book is composed of four chapters.

(1) The Chapter 1, Globle Reservoir Construction and RIS Disasters, summarized the data and distribu-
tion characters of construction of high dam reservoir in China and other countries, the RSS problem and its study
technique, and RIS disaster features. It is concluded that the rate and numbers of large reservoir construction
are increasing with the needs of social development. The reservoir construction has enterred the regions where
the conditions of tectonics and seismology are complex. The risk of RSS from nature earthquakes and RIS, and
the safety of reservoir and society in the reservoir region become more serious. The needs of study and prediction
for RIS disasters have became very important.

(2) The Chapter 2, Reservoir of RIS in China, described the character of dams and reservoirs, historic
seismicity, reservoir — induced seismicity, tectonic environment, and knowledge of RIS genesis of 28 reservoirs
in China.

(3) The Chapter 3, Some RIS Reservoirs in Other Countries, shown some data of 42 reservoirs in 16 coun-
tries. Nine reservoirs from six countries are studied in the features of dams and reservoirs, historic seismicity,
reservoir —induced seismicity , tectonic environment, and knowledge of RIS genesis. The nine reservoirs include
Indian Koyna Dam ( Shivaji Sagar Lake), Oroville Reservoir, Mead Reservoir and Keowee Reservoir in
U.S. A. , Nurek Reservoir in Tadijk, Manic 3 and LG. 3 Reservoirs in Canada, Tabelar Reservoir in Parkistan,
Lake Gordon and Lake Pedder in Australia.

(4) The Chapter 4, Mechanisms Research of RIS, collected and compared the former research results of
RIS genetic factors which include reservoir scale, water level, seismicity background, petrology, tectonics,
fault property, and hypothesis of RIS mechanism. Based on the data of 70 RIS cases which are studied in this
hook , the following research conclusion are shown:

The faulting response in RIS processes and its role in RIS progresses are suggested in terms of seismogeolo-
gy.

Based on the data of some RIS reservoirs, their conceptual fault models are skeiched.
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