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1.0 INTRODUCTION

1.1 BACKGROUND

As early as 1945, a relationship was recognized between the 

level of water impounded by Hoover Dam and the rate of 

occurrence of local earthquakes. Since that time, such 

relationships have been recognized for other reservoirs around 

the world. The most commonly cited examples are Kariba in 

Africa, Koyna in India, and Kremasta in Greece. Py the end of 

1978, 64 cases of reservoir induced seismicity (RIS) had been 

reported worldwide (Figure 1-1; Table 1-1). From theoretical 

and field-oriented studies, various models of the influence of 

reservoir impoundment on local seismicity have been developed, 

and factors suspected to influence earthquake activity have 

been recognized. In particular, a higher occurrence of RIS 

has been recognized at deep and/or very large reservoirs, as 

shown on Figure 1-2 (Stuart-Alexander and Mark, 1976; Packer 

and others, 1977; Stuart-Alexander and others, 1979). 

However, given the present understanding of RIS, it is not 

possible to adequately explain why some reservoirs influence 

seismicity and others do not.

The seismicity induced by reservoir impoundment is an 

increasingly recognized hazard. A plot of the dates of 

reservoir impoundment indicates that the number of reservoirs 

that are deep (depth of greater than 92 m) or are very large 

(volume greater than 10 m3 ) is rapidly increasing 

(Figure 1-3). This curve is expected to continue to rise 

sharply, as over 50 additional deep and/or very large 

reservoirs are to be completed by 1985.

The number of accepted cases of RIS from among these deep 

and/or very large reservoirs is also rising. Only a minimum
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TABLE 1-1 

REPORTED CASES OF RESERVOIR INDUCED SEISMICITY

Mo.«

1.
2.
3.
4.

5.

6.

7.

a.
9.

10.

11.

12.

13.

14.

15.

16.
17.

la.
19.

20.

21.

22.

23.

24.

25.

26.

27.

2B.

29.

30.

31.
32.

33.

34.

35.

Jo.

37.

3tt.

39.

4U.

41.

42.  

43.

44.

45.

40.

47.

4«.

49.

30.

3i.

52.

53.

54.

55.

So.

57.

5d.

59.

60.

61.

62.

Dam Name, Reservoir Haute

Akosoobo Main, Laxa Volta
AloMndra, Tonnes Heservoir
Bajina Basta
dennore
Blower ing
Caoin Creek
Cajuru
Camarillas
Caneiies
Clark Hill
Contra, Lake Vogorno
Coyote Valley, Lake Mendocino
El Grado
Saosaon
SucuBbene
Fairfield, Lake Monticello
Ubirni
Urar.carevo
Ciranaval
tiendnk Verwoerd
lioover. Lake Head
Itezniteahi
Jocassee
Kdoa'usa
KariOJ
Kastraxi
Keban
Kerr, Klathead Lake
Kinarsani
Koyna, Sittivaji Sag&r Lake
Kcemasta
Kuroca
La con ilia
La Fuensanta
Md.T^alaa
.laiHla
Manicouagan 3
Maratnon
Mica
Monteynard
Muxa
wurex
uroville
uued Poaaa
Palisades
paraaoikulaa
Piastra
**i eve 01 Cadore
Porto Colomoia
Rocxy i<each
aan Luis
ianiord
bcnlegeis
Sefia Hud
Snaravatni
Shasta
bholayar
Taibingo
Uxai
Vajont
Volta Urande
vouglans
Marragaawa. Lake 3urragorang
Xinfen<»ianu

Country

Ghana
Spain
Yugoslavia
New Zealand
Australia
USA

Brazil
Spain
Spain
USA

Switzerland
USA

Spain
Switzerland
Australia
USA

India
Yugoslavia
France
South Africa
USA

Zambia
USA

Japan
Zambia/ Rnodes ia
Greac*
Turkey
USA

India
India
Greece
Japan
Spain

Spain
India
Pakistan
Canada
Greece
Canada
France
India
USSR
USA

Algeria
USA

India
Italy
Italy
Brazil
USA

USA

USA

Austria
Iran
India
USA

India
Australia
India
Italy
Brazil
franca
Australia
China

Classification of RIS

Accepted, macro
Accepted , micro
Accepted , micro
Accepted , macro
Accepted, macro
Not RIS
Questionable
Accepted , macro
Accepted, macro
Accepted, micro
Accepted, micro
Accepted , macro
Mot RIS
Accepted, micro
Accepted , macro
Accepted, micro
Questionable
Accepted, micro
Accepted, macro
Accepted, micro
Accepted, macro
Accepted, macro
Accepted, macro
Accepted, micro
Accepted , macro
Accepted , macro
Accepted, micro
Accepted, macro
Questionable
Accepted, macro
Accepted , macro
Accepted, macro
Questionable

Questionable
Questionable
Not RIS
Accepted , macro

Accepted, macro
Hot RIS
Accepted , macro
Accepted, micro
Accepted , macro
Accepted, macro
Accepted, micro
Accepted, micro
Questionable
Accepted, macro
Accepted, macro
Accepted, macro
dot RIS
Not RIS

Hot RIS

Accepted, micro
Questionable
Questionaole
Accepted, micro
Questionable
Accepted, macro
Questionable
Accepted, micro
Accepted, macro
Accepted* macro
Questionable
Accepted, macro

and micro
and micro

(macro?)

and .T.icro

and micro

and micro

ina micro

and micro
and micro
and micro

and iicro

and micro

and micro
and micro

and micro

and micro

Magnitude Largest
RIS Event

Intensity
less tnan
less than

5 (?)
3.5
 

approx . 4
4.1
4.7
4.3 (?)
less than
5.2
 

less than
5 (?)
2.3

less than
Intensity
less than
5.0
4 or less
3.2
leas tt<an
6.25
4.6

less than

4.9
 

S.3

6.3

4.9
 

 

«

 

4.1

5.75
 

Intensity
less than
4.5

5.7
less than
3.7 (?)
~

4.4

Intensity
 
~
 
 

less than
4.7
 

less tnan
 

3.5
 

less than
less than
4.4
5.4
6

7

2

3

3

3

3

V

2

(?)

3

3

VII

1

3

V

2

3

3

4

*Nuou>ers correspond to numbers on Figure 1-2; Kinarsani and Snaravachi are '-inplo^trrj Secr.usa of insufficient data.
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number of actual cases of RIS have been studied because 

occurrence of RIS events is often delayed following reservoir 

completion, and no comprehensive examination of the world's 

reservoirs for evidence of RIS has been made. A 5-year 

projection of the curve showing the occurrence of RIS for deep 

and/or very large reservoirs over the past 20 years (shown on 

Figure 3-1) suggests that, among these reservoirs, 

approximately 10 more cases of RIS are likely to occur. The ^ 

historic record indicates the potential for at least some of 

these RIS events to be sufficiently large to cause damage; in 

addition, some may occur in areas of low historical 

seismicity, where structures are not designed for damaging 

earthquakes.

1.2 PURPOSE OF STUDY

This report presents the findings and accomplishments 

resulting from a study of reservoir induced seismicity 

undertaken by Woodward-Clyde Consultants for the Earthquake 

Hazards Reduction Program of the United States Geological 

Survey. The objectives for this study have been: 1) to 

evaluate geologic, seismologic, and hydrologic factors in 

order to make more meaningful and confident evaluations of the 

potential for RIS; 2) to develop a more reliable method for 

evaluating the potential for RIS at existing and proposed 

reservoir locations throughout the world; and 3) to evaluate 

the theoretical, seismological, and rock mechanics base of 

RIS. A large quantity of data on the deepest and largest of 

the world's reservoirs has been gathered and analyzed.

These data and derived conclusions have been organized in this 

report into three sections and two appendices. The first 

section (Section 2) describes data collection and the 

probabilistic assessment of reservoir induced seismicity. 

Selected examples are used to illustrate the assumptions and
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techniques employed to categorize the reported cases of 

resevoir induced seismicity. Preliminary probabilistic models 

of RIS are presented, and discussed. The second section 

(Section 3) is a description of theoretical modelling of 

reservoir induced seismicity. A number of models and the 

parameters used in these models are discussed. The third 

section (Section 4) presents the results of reconnaissance 

geologic studies of five areas that had reservoir induced 

seismic events of magnitude 5 or greater. The first appendix 

presents the data collected on deep and/or very large 

reservoirs and reported cases of RIS. The second appendix 

includes seismicity catalogs for four selected cases of RIS 

reviewed in Section 2.

The scope of this study consisted of the collection of data on 

over 250 reservoirs. However, because the size of the data 

sample is limited, a one-sided consideration of some data has 

resulted. One example of such bias involves the accepted 

cases of RIS. It is highly probable that the number of cases 

of RIS reported in the literature underestimates the total 

number of cases that have actually occurred; this is 

particularly true for reservoir induced microseismicity , which 

generally would go undetected except where microearthquake 

recording networks are established around a reservoir. 

Furthermore, the scope of this study did not allow evaluation 

of whether or not a temporal and spatial association of 

seismicity with the reservoir filling history was present at 

each of the 234 deep and/or very large reservoirs. Thus, the 

accepted number of RIS cases may underestimate the number of 

actual occurrences.

Another similar bias exists in the evaluation of active faults 

that have had displacement in the present tectonic regime at 

those reservoirs that have had a reservoir induced seismic 

event of magnitude greater than or equal to 5. It was beyond
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the scope of this study to evaluate how many of the other 

reservoirs (with or without reservoir induced seismicity) have 

active faulting within the hydrologic regime of the reservoir. 

The results of these studies, though "biased," do provide 

some basis for conclusions. For example, the existence of 

reservoirs that 1) do not have active faults within their 

influence, and 2) have RIS events with surface fault rupture 

would suggest that reservoirs could induce surface faulting 

where the tectonic regime had not. Future studies of 

reservoir induced seismicity could be directed toward 

gathering the data needed to evaluate further some of these 

areas of bias.
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2.0 DATA COLLECTION AND PROBABILISTIC ASSESSMENT 

OF RESERVOIR INDUCED SEISMICITY

2.1 INTRODUCTION

A search of available literature was made for cases of 

reservoir induced seismicity (RIS) reported as of the end of 

1978. In addition, information was compiled on deep (maximum 

water depth of 92 m or greater) and/or very large (maximum 

water volume of 10 m or greater) reservoirs completed as of 

the end of 1975. The data compiled for each reservoir are 

presented in Appendix A.

Deep and very large reservoirs were chosen as the base for 

this study because a relatively higher percentage of these 

reservoirs exhibit induced seismicity than do smaller or 

shallower reservoirs (Packer and others, 1977; Stuart- 

Alexander and Mark, 1976) and because data were expected to be 

relatively more available on these large engineering works. 

Data were gathered for a large number of parameters, including 

reservoir size and shape, water impoundment and fluctuation 

history, regional and local geology, stress conditions and 

faulting, hydrology, and seismicity. A complete list of these 

parameters is presented in Table A-l of Appendix A.

The data compilation studies had a three-fold purpose: 1) to 

update and expand existing data collections on reported cases 

of reservoir induced seismicity; 2) to establish a consistent 

yet manageable data base for a probabilistic analysis of the 

interrelationships between certain geologic, hydrologic, and 

seismologic parameters and the occurrence of reservoir induced 

seismicity; and 3) to develop a preliminary statistical model 

capable of predicting the probability of RIS occurrence at an 

existing or proposed reservoir site.
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This section of the report provides a summary of the 

procedures used for the data collection program, a summary and 

examples of the procedures used to classify reported RIS 

cases, results of statistical analysis, and information on a 

preliminary statistical model for predicting the probability 

of occurrence of reservoir induced seismicity.

2.2 DATA COLLECTION PROGRAM

The procedures followed in the evaluation of the data for each 

group of parameters are described below.

2.2.1 General Reservoir Parameters

The general parameters of interest to this study include dam 

and reservoir name, location (country), geographic province, 

river, type of dam, year of completion, dam height above 

lowest foundation, maximum water depth and volume, length of 

dam, and use of reservoir. Information on most of these 

parameters was obtained from the World Register of Dams, 

supplemented by more recent compilations such as Mermel (1978) 

and Sinpson (1976).

Reservoirs were located on atlas maps and other available 

maps, and the latitude-longitude coordinates and maximum 

reservoir dimension were measured directly. The location of 

the center of the reservoir was calculated as that point 

(within the reservoir) closest to the midpoint of a line 

connecting the farthest extremities of the reservoir.

Information on reservoir filling histories, when available, 

was categorized according to rates and duration of initial 

filling as well as maximum drawdown and refilling. (Initial 

filling is defined for this study as filling to 90 percent of 

the maximum water level.) The use of the reservoir can

10
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provide a qualitative estimate of typical water-level 

fluctuations. Flood control reservoirs tend to be held at 

relatively low levels during most of their lifetime, except 

during floods when they rapidly fill. Irrigation reservoirs 

generally undergo cyclic (seasonal) water level variations. 

Hydropower reservoirs normally are held at relatively constant 

levels, as are reservoirs used for public water supply. For 

multi-purpose reservoirs, the first use listed in the World 

Register of Dams was chosen, on the assumption that it is the 

primary use of the reservoir.

Reservoirs were classified according to maximum water depth 

rather than dam height because water depth is directly related 

to the stress imposed by a reservoir. Maximum water depths 

were obtained from engineering reports and publications where 

available. In many cases, water depths were calculated from 

detailed dam cross sections or topographic maps showing 

reservoir outlines. Where direct information on maximum water 

depth was unavailable, the depth was estimated from dam height 

and type. Formulae similar to those discussed by Packer and 

others (1977) were used for these estimations and different 

formulae were used depending on the type and height of the 

dam: for concrete dams greater than 150 m in height, 30 m was 

subtracted from the dam height; for concrete dams between 

100 m and 150 m in height, 18 m was subtracted from the dam 

height; for concrete dams less than 100 m in height, the dam 

height was multiplied by 0.9; for earth or rock dams greater 

than or equal to 100 m in' height, the dam height was 

multiplied by 0.95; and for earth or rock dams less than 100 m 

in height, the dam height was multiplied by 0.9.

2.2.2 Geologic Parameters

The geologic parameters include regional and local geology, 

tectonic province and stress regime, and orientation and

11
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degree of structural deformation. Geologic maps, local and 
regional geologic studies, engineering reports, and literature 

on tectonics were examined to obtain these parameters for each 

reservoir.

Geologic Conditions - Based on interpretations of site- 

specific geologic maps or descriptions and/or regional 

geologic maps, the geology of a reservoir area was 

characterized as coarse clastic, fine clastic, carbonate, 

metamorphic, batholithic, or volcanic. Where more than one 

rock type is present, the geology was characterized by the 

most prevalent rock type. The coarse clastic characterization 

includes conglomerate and sandstone. The fine clastic 

classification includes siltstone, claystone, and shale. 

Carbonate includes limestone, dolomite, marl (using European 

designation), and evaporites. Metamorphic includes all 

metamorphic rocks, such as marble, gneiss, and schist. 

Batholithic includes intrusive rocks, such as granite, gabbro, 

diorite, and porphyry (Russian usage). Volcanic includes 

extrusive rocks, such as basalt, andesite, and tuff.

Regional Stress Regime - The tectonic stress in the region of 

a reservoir was characterized as extensional (normal), shear 

(strike-slip), or compressional (thrust). The type of 

tectonic stress active in an area was classified from focal 

mechanisms of shallow local or regional earthquakes, from 

sense and distribution of young surface faults, and/or from 

general plate tectonics models. The method used in the stress 

classification, as well as a ranking of confidence level for 

that classification, is indicated for each reservoir. The 

highest levels of confidence are applied to those cases in 

which site-specific stress indications are available, such as 

focal mechanisms for earthquakes located at or very near the 

reservoir. The lowest levels of confidence are assigned to 

classifications resulting from poorly understood tectonic

12
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interpretations, such as those in shield areas for v/hich 

little or no earthquake data exist and in which young faults 

have not been recognized.

Recent studies, such as Sykes (1978), suggest that areas 

traditionally considered tectonically "stable" are in fact 

undergoing compressional tectonic stress. Sykes (1978) 

demonstrates such compression for portions of South America, 

Africa, and Asia from fault distributions and limited focal 

mechanism data. Other focal mechanism studies of "stable" 

areas have yielded similar results; for example, the work by 

Leblanc and Anglin (1978) at the Manicouagan-3 reservoir in 

Canada has demonstrated compressive focal mechanisms. Focal 

mechanism solutions by Chandra (1977) for the Indian Peninsula 

indicate that shear tectonic stress, accompanied by 

compression, characterizes the tectonics of this intraplate 

region.

Degree of Structural Deformation - The degree of structural 

deformation of a region was assessed from geologic maps that 

indicate the attitudes of beds or foliation. Deformation of 

regions was characterized as flat-lying, shallow-dipping, 

steeply dipping, vertical, overturned, or strongly deformed. 

For example, shallow-dipping areas are those in which the 

characteristic dip is 35 degrees or less; conversely, strongly 
deformed areas are those in which strata are severely folded 

and faulted.

2.2.3 Faulting Parameters

Information on the geometry, style, and age of faulting near 

each reservoir was considered independently of other geologic 

conditions. To localize the study of faulting and seismicity 

in the vicinity of a reservoir, a procedure was adopted in 

which a circle is projected about the center of the reservoir,
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with the radius equal to the longest dimension of the 
reservoir. This circle is used' to define the boundary of the 

"local area" of a reservoir. Such a circle is consistent with 

theoretical models of the influence of reservoir loading on 

the underlying crust (Withers and Nyland, 1978).

The predominant style of faulting was assessed for each 

reservoir local area from local geologic maps (when 

available). Faults in an area are predominantly either dip- 

slip, strike-slip, or oblique-slip. Where more than one type 

of fault is present, the type of faulting was characterized by 

those faults showing evidence of most recent activity. 

Similarly, information was gathered on the azimuth, dip, 

length, name, and distance of the most recently active fault 

in the local area of a reservoir. Where no faults are mapped 

in the reservoir local area, faults within the surrounding 

tectonic province were considered in assessing the style of 

faulting.

For this data compilation study, faults were considered active 

(or "young") if the literature cited evidence of displacement 

occurring during the active tectonic regime. Although this 

definition of active faults is broader than most definitions 

in common use in the United States, it is more applicable to 

worldwide studies of faults, where detailed information on 

Late Quaternary displacements may be lacking.

For the assessment of the recency of fault activity, at least 

three complicating factors were considered. First, inactive 

bedrock faults can have a different type of faulting than 

recently active faults, due to changes in stress conditions 

over time. In particular, reactivated faults may have a 

different sense of displacement than they had during their 

previous tectonic environment. Examples include the Foothills 

fault system of California, a. former compressional subduction

14
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zone undergoing present-day extension (Schwartz and others, 

1979), and certain faults in West Africa, formerly transform 

faults that are now undergoing extensional displacement 

(Burke, 1971). Secondly, active faults may differ in their 

degree of activity. The slip rate and recurrence intervals of 

various faults may differ by several orders of magnitude, and 

maximum earthquake magnitude and slip per event may also 

differ substantially. Finally, the amount of tectonic stress 

accumulation along a fault is a significant factor to consider 

in the assessment of the probability of reservoir induced 

seismicity. A fault that has a large amount of stress 

accumulation would more likely be affected by reservoir 

impoundment than a fault that has ruptured recently and along 

which stress has not yet accumulated to near-critical levels. 

However, within the scope of this study, it was not possible 

to fully assess the significance to the occurrence of RIS of 

these three considerations.

2.2.4 Hydrology Parameters

Limited information on hydrologic conditions at reservoirs was 

compiled, when available, from engineering and geologic 

literature examined in this review. Of particular interest 

was information on rock permeability beneath and adjacent to 

reservoirs. Ideally, the permeability information required 

would include data on near-surface permeability as well as on 

pore pressures in rocks at depth. In practice, such 

information can rarely be obtained. However, knowledge of the 

topographic relief of an area and on rock types present and 

their probable permeability could be used to roughly estimate 

the influence of reservoir impoundment on pore-water 

pressures. Because data were available for only a few of the 

reservoirs, no statistical assessment of hydrologic parameters 

was attempted.

15



Woodward-Clyde Consultants

2.2.5 Seismicity Parameters

Information on the seismicity in the vicinity of each reported 

RIS case was gathered from worldwide data sources. These 

sources, which were available from the Woodward-Clyde 

Consultants 1 Earthquake Data Bank, included the International 

Seismological Centre (ISC) and the National Oceanographic and 

Atmospheric Administration (NOAA) listings. These data were 

supplemented with published reports of local seismicity. The 

published literature was the only source of data on 

microearthquakes, since such events are generally too small to 

be included in the ISC or NOAA catalogs.

The seismic data were classified as either "macro" or "micro." 

Typically, the cut-off between macro and micro is placed at 

magnitude 3. However, for the purpose of this study, the 

distinction between macro and micro was based primarily on the 

source of the data: if the earthquake was reported in NOAA or 

ISC catalogs with a magnitude greater than 3, it was 

classified as macro; if the earthquake was reported only from 

other souces with magnitudes less than 3, or with felt reports 

for only a very small area, it was classified as micro. The 

NOAA and ISC catalogs typically include all events above 

magnitude 4 to 5. In practice, seismographic coverage and 

reporting vary depending on the area being investigated; 

therefore, a magnitude cut-off to distinguish between macro 

and micro events differs in each of the RIS cases 

investigated.

Although a number of seismic parameters were defined for this 

study (see Appendix A, Table A-l), many values were not 

assigned. These include "b" values near the reservoir 

compared to the background level, and the variation of "b" 
within the tectonic province of the reservoir. Evaluations of 

the number of seismic events per unit area and the amount of

16



Woodward-Clyde Consultants

energy release were discontinued as the data were collected 

because such evaluations were found not to be feasible for two 
reasons:

1. It was difficult to define the boundaries of the 

tectonic province in which the reservoir occurred 

because of concentrated epicenters along boundaries. 

This was particularly difficult when the reservoir 

was on the edge of a seismic belt. Moreover, a quick 

decision to include or exclude major seismic features 

would lead to misleading or incorrect conclusions.

2. The initial plan was to use published catalog data to 

assess if the seismicity near the reservoir had 

changed in some way after the reservoir had filled. 

A thorough assessment involves a comparison of energy 

release, rate of occurrence, and "b" slope for 

seismicity local to the reservoir with that for the 

entire tectonic province, and a further comparison of 

these factors before and after reservoir filling. In 

general, the quality of data proved to be too poor to 
allow such rigorous analysis. Accordingly, only 

generalized characterizations of seismicity changes 

were made (Table 2-1).

The data that were collected for several parameters were based 

on the seismicity catalogs, plots of seismicity, and 

histograms of the time of occurrence for events within one and 

three radii of the reservoir center. The date of the first 

probable RIS event was selected based upon a knowledge of the 

pre-impoundment seismicity or upon local microseismicity data. 

The date and magnitude of the largest reservoir-induced 

earthquake was also estimated from this data.
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The increased resolution and detection capabilities of 

worldwide seismic networks over the past few years, 

particularly since 1964, has considerably improved the quality 

of data reported in the ISC and NOAA catalogs, and a greater 

number of magnitude values are being reported. However, prior 

to 1964, many large events listed in these catalogs have no 

reported magnitudes. Therefore, published reports of 

particular reservoir induced events were extremely useful in 

the selection of the maximum earthquake magnitude.

2.3 CATEGORIZATION OF RIS 

2.3.1 Procedure

Among the cases of reservoir induced seismicity (RIS) reported 

in the literature, some are clearly associated with reservoir 

impoundment, and others appear to be unrelated to the 

reservoir impoundment. For a statistical evaluation of RIS, 

those seismicity cases that are judged to be reservoir induced 

must be distinguished from those that apparently are not. 

Accordingly, a set of criteria were established to provide a 

systematic evaluation of each reported case of RIS.

The influence of a reservoir on the seismicity of the local 

area was evaluated for each of 64 reported cases of RIS 

(Table 1-1). Three categories were identified: accepted 

cases of reservoir induced seismicity, questionable cases of 

reservoir induced seismicity, and cases of seismic activity 

near reservoirs that were not reservoir induced. Accepted 

cases are those in which seismicity at the site had 

demonstrable temporal and/or spatial relationships to the 

reservoir impoundment or ^water level fluctuation history. 

"Not RIS" cases are those for which seismic activity was 

clearly established as unrelated to the reservoir impoundment. 

Questionable cases are those for which sufficient data were
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not available to discern the temporal and/or spatial 

relationsips of seismicity to the reservoir impoundment.

These criteria for RIS classification involve the spatial and 

temporal influence of the reservoir on the macroseismicity and 

the microseismicity of the reservoir local area. In the 

evaluation of each reported case of RIS, macroearthquake 

activity was considered independently of microearthquake 

activity. Macroseismic data generally were obtained from 

published catalogs of the International Seismological Centre 

(ISC) and the National Oceanographic and Atmospheric 

Administration (NOAA). Hicroseismic data were obtained from 

published results of local seismic networks.

For macroseismicity, the first criterion considered was the 

frequency of seismicity before and after reservoir 

impoundment: whether there was an increase, decrease, or no 

change in the seismicity within three to five radii of the 

center of the reservoir. The second criterion considered was 

the spatial relationship of post-impoundment seismicity to the 

reservoir: whether or not the post-impoundment seismicity was 

either beneath the reservoir or within the reservoir local 

area. The third criterion considered was the temporal 

relationship of the post-impoundment seismicity to water 

fluctuations: whether the local area seismicity occurred 

during or shortly after the initial impoundment or only after 

some delay and whether or not the occurrence of this 

seismicity may have been in response to water level 

fluctuations.

After applying these criteria to each reservoir, an evaluation 

was made as to whether or not sufficient macroseismic data 

were available to support the premise that the reservoir had 

influenced the macroseismicity of its immediate region. A 

similar procedure was used to evaluate available microseismic
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data. These procedures allowed a consistent classification of 

each reported case as accepted or questionable reservoir 

induced macroseismicity and/or microseismicity, or as seismic 

activity not affected by or related to the reservoir 

impoundment. Results of these evaluations are presented in 

Table 2-1.

Of the 64 reservoirs studied, 45 were concluded to be accepted 

cases of RIS. Of these 14 were concluded to be accepted macro 

RIS, 15 micro RIS, and 16 both macro and micro RIS. Seven 

reported cases were concluded to be not accepted RIS, and 12 

cases were questionable. In the later stages of this study, 

limited information was obtained on an additional 13 reported 

cases of RIS, although data on some of these 13 were already 

included in the studied population of deep and/or very large 

reservoirs. These 13 reservoirs are: Idikki/Cheruthoni in 

India; Paraibuna/Paraitinga, Capivari, Capivara, Furnas, Salto 

Santiago, and Oros in Brazil; Lake Gordon in Australia; Lake 

Pukaki (a raised glacial lake) in New Zealand; Toktogol in 

USSR; and three reservoirs (names unknown) in China. No 

evaluations were made of these reported cases of RIS, and they 

are not listed in Table 1-1.

Application of the classification criteria to each reservoir 

was, at tines, quite complicated. Because of location 

inaccuracies in the published catalogs, certain events that 

were shown occurring closer to the reservoir than they 

actually did might be identified as reservoir induced, and the 

converse could also occur. For many reservoirs, no 

information is available in the literature about the 

impoundment or fluctuation history. In these instances, the 

relationship between water level changes and post-impoundment 

seismicity could not be assessed. The systematic application 

of classification criteria minimized the inconsistencies that 

these complications tended to introduce.
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TABLE 2-1

EVALUATION OF REPORTED CASES OF 
RESERVOIR INDUCED SEISMICITY

MACROSEISMICITY

Reservoir

Akosombo
(Lake Volta) 

Almendra 
Baiina Basta
Benmore 
Slower ing 
Cabin Creek
Cajuru 
Camarillas
Canelles
Clark Hill 
Contra 
Coyote Valley

El Grade 
Emcsscn 
Eucurabene
Fairfield 
(Lake Monticello) 

Ghirni 
Grancarevo
Grandvai 
Hendrik Verwoerd 
Hoover 
(Lake Mead)

Itezhitezhi 
Jccassee 
Xanafusa
Xariba 
Kastraki 
Keban
Kerr 
Kinarsani 
Kovr.a
Kremasta 
Kurobe
La Coiiilla 
La Fuer.santa
Mangalam 
Mangla 
Manicouagan 3
Marathon 
Mica 
Monteyr.ard
Mula 
Nurek 
Oroville
Oued Fodda 
Palisades 
Psrambikulam
Piastra 
Piave de Cadore 
Porto Colombia
Rocky Reach 
Sanford 
San Luis
Schlegeis 
Sefid Rud 
Sharavathi
Shasta 
Sholayar
Taibinqo
Ukai 
Va:ont 
Voita Granda
Vouglans 
Warragamba 
Xinfengjiang

Change in . 
Seismicity Level
Inc. Dec. N/C

X

X 
X

X 
X

X? 
X 
X
X 
X 
X

X 
X 

X
X

X 
X

X 
X

X

X
X 
X

X 
X?

X
X 

X 
X
X? 
X

N 
X 

X

X

X 
X 
X
X 
X
X
X 

X 
X
X 
X 
X

X 
X

X 
X

X
X 
X

X 
X 
X

Spatial 
Association 

w/ Reservoir2

Y 

N

Y 
Y 
N
Y 
Y
Y
Y 

Y

U 

Y

N
Y 
N
Y

Y?
Y

Y
Y 
Y
Y 

Y
Y 
Y

Y
Y 
U? 
Y

Yweak

Y?

U 
Y
Y 
S 
M

Y

Y

Y
Yweak
y
Y

Time of Seismicity
Initial 

Impoundment Delay

X 

X
X

X 
X

X

X

X

X

X

X
X

X
X 

X

X

X 
X 
X

X

X

X

X 

X

X

X 

X

X

X 
X

X 

X
V

X

X 

X

X

X

X

X 
X 
X

Correlation with 
Water Level Changes  _...._-___
Yes No Unclear on Macro^

Y

M 
Y
t 

X Y
M

X U 
Y 
Y

X U 
N 

X Y

N 

X Y
N

M
N

X V 

X Y

X Y
N

Xweak Y 
X v

N'

Y
N 

X Y
X Y 

X Y
I

N 
M

X Yweak 
M 

X Y
N 
Y 

X Y
N 

X U
N
Y 
Y 
Yweak
N 
N 
M

X U

N 
M 

X

Yweak
X Y

0? 
X Y

1. Inc. = Increase? Dec. = Decrease? N/C = Mo Chanae
2. Y = Yes; M » No; 0 = Unclear
3. Y - Yes; N = No; U » Unclear; I - Insufficient Data to Evaluate
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EVALUATION OF REPORTED CASES OF 
RESERVOIR INDUCED SEISMICITY

MICROSEISMICITY

?re- 
Impound- 
mant 
Monitor- 

Reservoir ing ____

AJcosombo
(Lake Voltai 

Alraendra 
3a?ina Basta
3enmore 
Blowering 
Cabin Creek
Ca j uru 
Camarillas 
Canellea
Clark Hill 
Contra 
Coyote Valley
fLake Ms>ndoei_nr>!

El Grado 
Emosson X 
Eucumbene
Fairfield 
(Lake Monticello) 

Ghirni
j?.gl a°yajrey9.           
Grandval 
Kendrik Verwoerd X 
Hoover 
(Lake Mead)

Itzhitezhi 
Jocassee 
Kamafusa X
Kariba 
Kastraki X 
Keban
Kerr 
Xinarsani 
Koyna
Xremasta X
Kurobe 
La Cohilla
La Fuensanta 
Mangalam 
Mangla 
Manicouagan 3
Marathon 
Mica X 
Monteynard
Mula 
Murek
Oroville
Oued Fodda 
Palisades 
Parambikulan
Piastra 
Pieve de Cadore 
Porto Colombia
Rocky Reach X 
Sanford 
San Luis
Schlegeis 
Sefid Rud 
Sharavathi
Shasta 
Sholayar 
Talbinqo X
Ukai 
Vajont 
Volta Grande
Vouglans 
Warragamba 
xinfengjiang

Notes:

1. Inc. * Increase; Dec. 
2. Y * Yes; N » No; U -

Post- 
Impound- change , n

ESter- S.ismicity Lavell 
ing Inc. Dec. N/C

X

X
X 
X

111 X   """ ' " - 

X

X

X X
* X 
X X 
X

X 
X X
X 
X 
X

X
:t
X

X X 
X

X X

X X 
X X

 5

X 
X

X 
X

X X

X

X 

X

X

X

* Decrease; N/C » So Change 
Unclear

Spatial 
Association 

with - 
Reservoir

y
ll-""    T"~

y
N

. .y

y

Y

V

V?
Y 
Y

Y
Y
y 
Y
Y

y
Y
Y

U 
Y

Y 
Y

Y

Y

Y

Y
U

 > 

Y

Y

Y

Timing of 
Seismicitv

Initial 
Impound 
ment Delay

X X

*,   "  "-' T    

X

X 
X X

X X

A X/

X X
X 
X ? 
X X

*
X 

X X
X

X X
X X 
X X

X X

X
X X

X 
X

X 
X? X

X 
X X

X 

X X

X X

X X

Correlation with 
Water Level Changes Influenc? 
Yes No Uncertain on Micro3

I

X Y
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Although a relatively consistent seismic data base could be 

established from worldwide catalogs for macroearthquakes, no 

such consistency exists in the literature on the recording and 

reporting of microseismic events occur ing near or under a 

reservoir. Therefore, a consistent data base on 

microearthquakes was not possible. For a few reservoirs, 

post-impoundment microseismicity is well documented from high- 

gain seismic networks placed around the reservoir. In these 

cases, it was usually possible to assess the proximity of 

post-impoundment seismicity to the reservoir, although 

locations are not always provided in the literature. 

Similarly, where detailed microseismic data and water level 

histories are available, the relationship betv/een water level 

fluctuations and the occurrence of local earthquakes could be 

assessed.

These complications probably explain why systematic reviews of 

the reported cases of RIS have not often been attempted 

(exceptions include Packer and others, 1977; Simpson, 1976). 

The classification undertaken in this study required many 

judgmental decisions as to the quality and implications of 

data.

The strongest association between a reservoir and seismicity 

is inferred when local post-impoundment seismic activity rises 

and falls in direct association with changes in water level. 

A strong association also is inferred when the initial 

impoundment of a reservoir is accompanied or quickly followed 

by an increase in seismic activity in the reservoir local 

area; the association is particularly strong if this occurs in 

an area previously considered to be seismically quiescent on 

the basis of the historical record. Conversely, when the post- 

impoundment seismicity occurs some time after the initial 

impoundment but exhibits no clear relationship to v;ater level 

fluctuations, or when the spatial association of
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post-impoundment seismicity to the reservoir is ambiguous, the 

case for RIS is considered to be weak.

The criteria adopted for this study do not distinguish between 

coincidental association of reservoirs and seismicity and the 

actual triggering of earthquakes by impoundment of a 

reservoir. However, the emphasis on temporal and spatial 

associations helps to minimize this problem. No specific 

tests were performed to evaluate the randomness of recognized 

associations. Accordingly, it was assumed that a case of RIS 

would be accepted if the seismicity was within the criteria 

defined for reservoir influence.

In the following section, four reservoirs or pairs of 

reservoirs having reported RIS are provided as examples to 

illustrate the evaluation procedure. These four examples were 

chosen because they reflect different levels of quality in the 

data, different kinds of RIS (macro versus micro), and 

different levels of confidence in the assessment of the 

influence of the reservoir on post-impoundment seismicity.

2.3.2 Four Selected Cases of Reported RIS

Kremasta/Kastraki - Kremasta reservoir and Kastraki reservoir 

(downstream from Kremasta) are located in southern Greece on 

the Acheloos River (Figure 1-1). Kremasta reservoir began 

filling in July 1965, and Kastraki reservoir in January 1969 

(see Appendix A). A plot of the historical macroseismicity of 

the area for the years 1912 to 1975 (Figure 2-1) indicates 

that the Kremasta/Kastraki area is one of moderate pre- 

impoundment and high post-impoundment seismic activity. 

Pre-impoundment macroseismicity in the Kremasta/Kastraki 

region generally was located outside of the reservoir local 

area. -Although seismograph coverage in the area was poor 

prior to mid-1965, most larger events (M > 4.5) were recorded
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regional networks. Evaluations of felt reports near the dam 

sites indicate sparse local macroseismic activity prior to 

1965 (Drakopoulos, 1974; Comninakis and others, 1969).

In August 1965, as part of an increased coverage by the Greek 

seismic network, a seismograph station was established on 

Kephallenia island, about 115 km from the Kremasta Dam 

(Comninakis and others, 1969). This station provided 

additional data on post-impoundment seismicity near 

Kremasta/Kastraki. Figure 2-2 illustrates the marked rise in 

macroseismic activity in early 1966 near Kremasta; many of 

these events occurred under the reservoir and were felt at the 

dam. This activity culminated in a main shock, ML 6.3, on 

5 February 1966 (Comninakis and others, 1966). Following the 

aftershock sequence of this event, seismicity decreased to a 

level higher than pre-impoundment activity. Although it can 

be argued that the apparent increased level of seismicity 

reflects increased seismograph coverage rather than an actual 

increase in seismicity, the record of felt reports for the 

Kremasta/Kastraki area strongly indicates that macroseismicity 

for several years after impoundment was significantly more 

frequent than macroseismicity for the years prior to 

impoundment of Kremasta reservoir (Therianos, 1974; 

Drakopoulos, 1974).

Following the early 1969 impoundment of Kastraki reservoir, an 

increase in local macroearthquake activity was reported 

(Drakopoulos, 1974; Bozovic, 1974); however, this increase was 

less pronounced than that at Kremasta and is not clearly 

illustrated on ISC records (Appendix B; Figure 2-2). These 

post-impoundment events in the Kremasta/Kastraki area were 

adjacent to or under the reservoirs, whereas pre-impoundment 

seismicity was not located in the immediate vicinity of the 
reservoirs. The post-impoundment macroseismic activity is 

strongly spatially correlated with the reservoirs, and
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particularly strongly related to initial impoundment. 

Subsequent post-impoundment macroseismic activity was not 

clearly correlated with changes in water level.

The Kephallenia seismograph station detected post-impoundment 
earthquakes in the Kremasta/Kastraki area with magnitudes as 

low as ML 2. The first small-magnitude local earthquakes at 

the Kremasta Dam were reported in August 1965, during initial 

impoundment. Larger earthquake swarms were recorded in 

December 1965 and January 1966, before the main shock on 24 

January 1966 (Comninakis and others, 1969). The 

microearthquake activity is spatially correlated with the 

reservoir and with initial impoundment. Subsequent 

microseismic activity was not clearly correlated with changes 

in water level. Because of the clear influence of reservoir 
impoundment on both macroseismicity and microseismicity at 

Kremasta/Kastraki, this reservoir system is classified as an 

accepted case of RIS at both the macro and the micro levels.

Porto Colombia/Volta Grande - Porto Colombia and Volta Grande 

reservoirs are located in Minas Gerais, Brazil, on the Grande 

River, approximately 400 km northwest of Sao Paulo 

(Figure 1-1). The region around these reservoirs is 

characterized by extremely low historical seismicity 

(Figure 2-3 and Appendix B). On 24 February 1974, subsequent 
to impoundment of Porto Colombia and during impoundment of 

Volta Grande, an earthquake occurred in the area around the 

reservoirs (Figure 2-4). Local reports placed the probable 

epicenter under or adjacent to the Porto Colombia reservoir 

(Brito, 1974). No other information on post-impoundment 

seismicity has been obtained. Although the general level of 

seismicity in the area remained extremely low subsequent to 

impoundment, the timing and location of the 24 February 1974 

earthquake suggests inducement by reservoir impoundment. This 

event is considered a weak but accepted case of macro RIS.
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Almendra - Almendra (or Tonnes) reservoir is located in 

western Spain near the Portuguese border (Figure 1-1), an area 

characterized by low historical seismicity (Figure 2-5 and 

Appendix B). A plot of macroseismic activity shows no change 

subsequent to impoundment (Figure 2-6). Post-impoundment 

macroseismicity is not spatially associated with the reservoir 

(Appendix B). Thus, the Almendra reservoir has had no 

influence on macroseismic activity in the area. Recent data 

on microseismic activity (Buforn and Udias, 1978) indicate a 

strong relationship between the impoundment of Almendra and 

microearthquake activity (Figure 2-7). Seismic monitoring of 

the area around Almendra between November 1971 and July 1972 

indicated that microearthquake activity paralleled reservoir 

impoundment (Buforn and Udias, 1978). During rapid filling 

early in 1972, microearthquake activity increased, reaching a 

peak 45 days after the water level peaked (Figure 2-7). As 

the reservoir water level decreased, microseismic activity 

also lessened. All events were within 25 km of the dam; most 

wexe adjacent to or under the reservoir and had very shallow 

focal depths.

Although the period of microearthquake monitoring is limited, 

the study by Buforn and Udias (1978) indicates a strong 

correlation between the impoundment of the Almendra (Tormes) 

reservoir and microearthquake activity. Thus, Almendra is 
classified as an accepted case of micro RIS.

Sefid Rud - The Sefid Rud reservoir is located in northern 

Iran, 220 km west-northwest of Tehran (Figure 1-1). The 

region has moderate historical macroseismicity; regionally 

destructive earthquakes have occurred in 1119, 1167, 1639, and 

1808 (Tchalenko and others, 1974). Since 1944, seismic events 

have occurred in scattered locations throughout the reservoir 

region (Figure 2-8).
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A comparison of the levels of macroseismicity before and after 

impoundment indicates no significant change (Figure 2-9). 

Macroseismic events that occurred in 1962 during impoundment 

were mainly located more than 50 km from the reservoir 

(Appendix B); the single closest event was a possible 

aftershock of a M 7.5 event that was located more than 80 km 

from the reservoir. The Sefid Rud reservoir, therefore, is 

considered to have had no influence on macroseismicity during 

its initial impoundment.

In 1968, several years after impoundment, a M 4.7 earthquake, 

having a focal depth of 36 km, was recorded near the reservoir 

(Figure 2-10 and Appendix B). However, no clear correlation 

has been observed between this event and fluctuations in the 

water level of the reservoir. Thus, Sefid Rud is considered a 

questionable case of macro RIS.

Massoud-Peyman (undated) discusses post-impoundment micro- 

seismicity at Sefid Rud. A seismograph station installed at 

the dam recorded an average of 120 low magnitude earthquakes 

per year within 100 km of the dam; however, locations for 

these events are not provided and therefore assessment of the 

spatial association of these events with reservoir impoundment 

is difficult. Furthermore, no clear correlation is observed 

between local earthquakes and water level changes 
(Figure 2-10). Therefore, because of the ambiguities in the 

data, Sefid Rud is considered a questionable case of micro 

RIS.

2.4 STATISTICAL ANALYSIS

2.4.1 Parameters Used for Statistical Analysis

From all the data compiled on all deep and/or very large 

reservoirs, five parameters were chosen for statistical
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analysis: maximum water depth, maximum water volume, type of 

regional stress, fault activity, and type of geology. These 

parameters were chosen because they may be significant factors 

in assessing the probability of reservoir induced seismicity 

and because abundant information on them was available (fault 

activity is an exception). Information on each of these 

parameters was gathered as described in the preceding 

sections: water depth was obtained from reports or was 

estimated; water volume was obtained from dam listings; 

regional stress regime was assessed either from focal 

mechanisms, faulting sense, or tectonics; and fault activity 

and geology were obtained from the literature. For 

statistical purposes, the geology of a reservoir local area 

was classified as sedimentary, igneous, or metamorphic, 

depending on the prevalent rock type.

2.4.2 Method of Study for Statistical Analysis

The five parameters utilized in the statistical analysis are 

termed statistical attributes of the reservoir. These 

attributes are denoted D, V, S, F, and G for depth, volume, 

stress regime, presence of active faulting, and geology, 

respectively. Attributes can have different states; for 

example, the depth attribute can have the states shallow, 

deep, or very deep. Therefore, state descriptions for each 
attribute are denoted by a lower case letter and subscript 

numeral (see Table 2-2). As an example, for depth D, state d^ 

means very deep, state &2 means deep, and state d^ means 

shallow. Furthermore, reservoirs were categorized into those 

with accepted induced seismicity (accepted RIS) and those with 

not-accepted RIS (including no report of RIS, not RIS, and 

questionable RIS).

The data were first examined to obtain relationships between 

single attribute states and the occurrence of RIS. Two data
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sets were used: 1) the set of reservoirs that are deep, very 

deep (maximum water depth greater than 150 m) , and/or very 

large; and 2) the set of reservoirs that are deep or very 

deep. The first set contained 29 instances of accepted RIS 

and 205 instances of not-accepted RIS; the second set 

contained 28 instances of accepted RIS and 172 instances of 

not-accepted RIS. The number of occurrences of different 

states of each attribute are shown in Table 2-3 (A and B) for 

these two data sets. Numbers in parentheses indicate relative 

frequency of a particular attribute state. For instance, in 

the first data set, 10 of the 29 reservoirs with accepted RIS 

are categorized as very deep (state d^) . Therefore, the 

frequency of very deep reservoirs among reservoirs having 

accepted RIS is 10/29 or 0.34. In most of the subsequent 

analyses, most attention was directed at the second data set, 

containing only deep and very deep reservoirs.

For the first data set of reservoirs (deep, very deep, and/or 

very large), the frequency ("prior probability") of RIS, given 

no specific knowledge of the reservoir itself, is 0.12. Prior 

probability is the number of accepted RIS cases (29) divided 

by the total number of deep, very deep, and/or very large 

reservoirs, which is 234. The prior probability of not- 

accepted RIS at s.uch a reservoir is the complement of 0.12, or 

0.88. For the second data set (deep and very deep 

reservoirs), the frequencies are 0.14 for RIS and 0.86 for 

not-accepted RIS.

For each attribute taken individually, a particular attribute 

state can be considered either not to occur or to occur. This 

corresponds to the Bernoulli model of probabilistic trials. 

The probability of "success" (i.e., the occurrence of a 

particular attribute state) is "p", and the probability of 

"failure" (i.e., that attribute state does not occur) is 

"1 - p". Because of statistical fluctuation in data,
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TABLE 2-3 (A): LIKELIHOODS OF ATTRIBUTE STATES FOR ACCEPTED RIS 
AND NOT-ACCEPTED RIS, BASED ON DEEP, VERY DEEP, 
AND/OR VERY LARGE RESERVOIR DATA.

State

Number of 
Reservoirs

Accepted RISa

Depth

Volume

Stress State

Fault Activity

Geology

29

29

29

7

28

10

7

4

7

13

1

(0.

(0.

(0.

(1.

(0.

34)

24)

14)

00)

46)

18

11

18

0

8

2

(0.

(0.

(0.

(0.

(0.

3

62)

38)

62)

00)

29)

1 (0.

11 (0.

7 (0.

7 (0.

03)

38)

24)

25)

Not-Accepted PISa

Depth 204 27 (0.13) 144 (0.71) 33 (0.16)

Volume 205 52 (0.25) 36 (0.18) 117 (0.57)

Stress State 203 34 (0.17) 138 (0.68) 31 (0.15)

Fault Activity 6 4 (0.67) 2 (0.33)

Geology 165 57 (0.35) 64 (0.39) 44 (0.26)

aThe conditional probability of a state is shown in parentheses.
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TABLE 2-3 (B) LIKELIHOODS OF ATTRIBUTE STATES FOR ACCEPTED PIS 
AND NOT-ACCEPTED RIS, EASED ON DEEP AND VERY DEEP 
RESERVOIR DATA.

State

Number of 
Reservoirs

Accepted RISa

Depth

Volume

Stress State

Fault Activity

Geology

Not-Accepted PJSa

Depth

Volume

Stress State

Fault Activity

Geology

28

28

28

6

27

171

171

171

6

143

10

6

4

6

13

27

18

33

4

44

1

(0.

(0.

(0.

(1.
(0.

(0.

(0.

(0.

(0.

(0.

36)

22)

14)

00)

48)

16)

11)

19)

67)

31)

18

11

18

0

8

144

36

109

2

60

2

(0.

(0.

(0.

(0.

(0.

(0.

(0.

(0.

(0.

(0.

64)

39)

64)

00)

30)

84)

21)

64)

33)

42)

3

0

11 (0.39)

6 (0.22)

6 (0.22)

0

117 (0.68)

29 (0.17)

39 (0.27)

conditional probability of a state is shown in parentheses
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estimates of the parameter, p, may vary from one data set to 

the next. To calculate the sampling variance, V, in estimates 

of p, the equation p(l - p)/n, where n is the number of data 

in the set, is used. (This equation is based on the model of 

independent trials.) Thus, for example, because 10 of the 29 

reservoirs with accepted RIS are very deep, the best estimate 

of probability (denoted p) is 0.34, and consequently, the'best 

estimate of 1 - p is 0.66. Since n is 29, the variance 

associated with this estimate of p is

V [ft = (0-34H0.66) = 0.0077

The standard deviation, which is the square root of the 

variance, is 0.088.

Sampling variances for all the parameters of Table 2-3 are 

shown in Table 2-4. Because the present analysis is based on 

techniques of classical estimation, empty data cells yield 

estimates where p equals zero. For example, for those seven 

accepted RIS cases having data on fault activity, all seven 

were "active" (f^). Therefore, p(f2 |RIS) = 0, and V[p] = 0. 

This is an aberation of the statistical techniques used; 

conclusions must be carefully drawn because of the small 

sample size.

To interpret Table 2-4, the RIS cases for very deep reservoirs 

can again be used as an example. The best estimate of the 

frequency of occurrence of the very deep RIS reservoirs is 

0.34, with a variance of 7.8 x 10~ 3 ; the standard deviation 

associated with that estimate is 0.088. This means that if 

34 percent of all very deep reservoirs induce seismicity, then 

the frequency in the sample would also be expected to be 

34 percent, but with a possible standard deviation of 0.088. 

More generally, if data were available on a very large number
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TABLE 2-4: SAMPLING VARIANCE OF ATTRIBUTE LIKELIHOODS. 3

RIS Data (x 10~3 )

Depth

Volume

Stress State

Fault Activity

Geology

1

7.8 (8.2)

6.3 (5.9)

4.2 (4.3)

 

8.9 (9.2)

State 

2

8.1 (8.2)

8.1 (8.5)

8.1 (8.2)

 

7.4 (7.8)

3

1.0

8.1 (8.5)

6.3 (6.1)

6.7 (6.4)

Not-Accepted PIS Data (x 10"3 )

Depth 0.56 (0.78) 1.0 (0.78) 0.66

Volume 0.92 (0.55) 0.72 (0.97) 1.2 (1.3)

Stress State 0.70 (0.90) 1.1 (1.3) 0.63 (0.85)

Fault Activity 37.0 (37.0) 37.0 (37.0)

Geology 1.4 (1.5) 1.4 (1.7) 1.2 (1.4)

aNumbers in parentheses refer to. the data set on deep and very 
deep reservoirs. Numbers not in parentheses refer to the deep, 
very deep, and/or very large reservoir data set.
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of reservoirs, the frequency of very deep reservoirs among the 

RIS set would be between 0.34 minus one standard deviation and 

0.34 plus one standard deviation (or from 0.25 to 0.43) with a 

probability of approximately 85 percent. (For large sample 

sizes, the sampling distribution of p approaches Normality, 

and therefore, probabilities can be taken from tables of the 

Normal distribution.) A comparison of the variances of the 

accepted RIS with the not-accepted RIS cases in Table 2-4 

shows that the variances of the not-accepted RIS cases are 

uniformly smaller. The reason for this is the much larger 

not-accepted RIS sample size.

2.4.3 Correlations Among Attributes

Statistical procedures were used to test whether apparent 

correlations among attributes were significant. In 

particular, correlations were examined for the six possible 

pairs of the four attributes (excluding faulting) which had 

sufficient data for significant tests. Because the 

correlations are based on the site being accepted RIS or not- 

accepted RIS, a total of 12 sets of data were used.

Table 2-5 is an illustration of the procedure used to examine 

correlation between attributes. For this example, the 

conditional probabilities of depth (D) and volume (V) for RIS 

cases for deep and very deep reservoirs are considered. (The 

term "conditional" will be taken as implicit when discussing 

probabilities unless otherwise noted; a conditional 

probability is the probability given the frequency of 

occurrence of a particular attribute state.) Because data are 

not available on all shallow reservoirs, this examination only 

considers the 28 deep and very deep accepted RIS cases (18 are 

deep and 10 are very deep). Consequently, the probability of 

a deep reservoir with accepted RIS is 18/28, and the 

probability of a very deep reservoir is 10/28. Similarly, for
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TABLE 2-5: ILLUSTRATIVE TEST OF INDEPENDENCE BETWEEN TWO
ATTRIBUTES, USING A CONTINGENCY TABLE, RIS DATA.

Depth

d i
d2

Volume

v3 v2 vj %

4 (3.93) 3 (3.93) 3 (2.14) 10

7 (7.07) 8 (7.07) 3 (3.86) 18

11 11 N=28

NOTE: Numbers in parentheses are predicted occurrence of a given 
combination, assuming independence; numbers not in paren 
theses are observed occurrence.

n^ = Observed total number in row 

n.i = Observed total number in column
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this group of 28 RIS cases, the probability of a very large 

reservoir is 6/28, of a large reservoir 11/28, and of a small 

reservoir 11/28. If depth and volume were unrelated, the 

probability of a reservoir being both very deep and very large 

would be 10/28 times 6/28. Multiplying this amount by the
\

number of reservoirs (28) gives 2.14, which would be the 
expected number of reservoirs which are both very deep and 
very large, given no correlation between the attributes. This 

number is shown in parentheses in Table 2-5, beside the 

original data.

To examine whether, in fact, a correlation exists, the 

observed occurrences are tested for significant differences 
from the predicted occurrences assuming independence. One 
test method is with a Chi-squared (X^) goodness-of-fit test. 

If the attributes were independent, the deviations observed 

from predicted frequencies could be predicted 

probabilistically. Thus, the actual deviations can be 

compared to these predictions; if the attributes would have 

been very unlikely given independence, then the attributes 

were in fact correlated. One Chi-square test involves the 

quantity

y » -2 log
f M\ r S / V " 
NN )7T 7T (n.

(1)
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where y is a "statistic" of the data,

n^.: is the number of occurrences in cell ij of the

table,

n^ is the number of occurrences along the row i, 

n-i is the number of occurrences along the column

j *
N is the total number of occurrences, 

r is the number of rows, 

s is the number of columns.

If the attributes were independent, the quantity would be 

distributed as a Chi-squared distribution with [(r-l)(s-l)]

degrees of freedom. Thus, the observed value of this
2 statistic can be compared with published tables on x^ to

obtain its probability of exceedance for independent 

attributes.

In the example for depth and volume (given RIS), Equation (1)

is used to calculate the statistic y from the data in

Table 2-6, and y is found to be 0.38. Tv/o degrees of freedom

are associated with this test; from a Chi-squared table, when
2 X has two degrees of freedom, it is less than 5.99 for

95 percent of the time. Hence, it is unlikely that a 

statistic of 0.38 will be obtained in this case. Based on 

these discrete data, depth and volume are not strongly 

correlated for the RIS cases.

Chi-squared statistics for each attribute pair for both the 

accepted RIS and not-accepted RIS cases are shown in 

Table 2-6. Associated degrees of freedom are shown in 

parentheses. Based on these analyses, the data do not support 

conclusions of dependence between any attribute pair, for 

either the accepted RIS cases or the not-accepted RIS cases. 

The possible exception is depth/volume, and even this latter 

dependence is only v/eakly supported in the discrete data.
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TABLE 2-6: TEST OF INDEPENDENCE IN CONTINGENCY TABLES,

X2 Statistics for Discrete Attribute Combinations3

Depth Volume Stress Faulting Geology

Depth ^^^_ 4.6 (2) 4.9 (4)

Volume 0.38 (2) ^-^..^ 5.7 (4)

Stress 0.60 (4) 2.38 (4)

Faulting  

Geology 2.7 (4) 0.63 (4) 1.8 (4)

4 ' 5

5.7 (4)
Not
Accepted 

4.4 (4) RIS
Cases

Accepted BIS Cases

a Degrees of freedom associated with each test is indicated in parenthe 
ses (beside the associated statistic). A statistic greater than 9.49 
is significant at the 95 percent level of confidence for four degrees 
of freedom, and a statistic greater than 5.99 is significant at that 
confidence level with two degrees of freedom.

Correlations Of Depth and Volume from Regression Analysis on Continuous Data

Accepted RIS Case Not-Accepted RIS Case

0.07 for 28 reservoirs

26 * * 

not significant at 95%

0.22 for 172 reservoirs 

t 17Q - 2.94 

significant at 95%
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Unlike data for the other attributes, data on depth and volume 

for the 200 deep or very deep reservoirs were available as 

continuous variables. Regression analyses were performed to 

examine whether correlations between depth and volume were 

masked by the assignment to discrete categories of deep or 

very deep, and small, large, or very large reservoirs (see 

Table 2-6). The results indicate weak correlations in both 

the accepted RIS and not-accepted RIS cases. The correlation 

coefficient between depth and the logarithm of volume for the 

RIS case was 0.07 and for the not-accepted RIS case was 0.22. 

Given the respective size of the data sets, 28 and 172, only 

the correlation for the not-accepted RIS case is significant 

at the 95 percent level.

2.4.4 Relationship of RIS Microseismicity and Macroseismicity

In this section, microseismicity refers to sites which have 

had local RIS but no major events reported in worldwide 

catalogs. Macroseismicity refers to sites which have had RIS 

events, usually with magnitude greater than 3, reported by ISC 

or NOAA. The purpose here is to ascertain if a difference in 

attributes exists between sites which have had only 

microseismicity and those which have had macroseismicity. 

Chi-squared tests, similar to those above, were used. In 

particular, six pairs of data (faulting was excluded because 

of lack of data) for the macroseismicity sites were compared 

to the respective sets of data for the microseismicity sites. 
In Table 2-7, the Chi-squared test is illustrated to examine 

whether the depth/volume relationship is different for the 

macroseismicity and microseismicity sites. The Chi-squared 

statistics on all attribute correlations and associated 

degrees of freedom are reported in Table 2-8. None of the 

differences are significant at the 90 percent confidence 

level.
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TABLE 2-7: ILLUSTPATION FOR DEPTH/VOLUME CORRELATION OF 
MACPOSEISMIC VERSUS MICROSEISMIC EVENTS.

Macroseismic Microseismic

d x 1 0 3 d x 3 1 1
d2 4 7 3 d 2 1 1 0
d3 5 2 1 d3 3 2 0

Vo Vo Vi Vo Vo Vi

l 3 T
where:

r * number of rows
s e number of columns
k * 1 for macroseismic data
k = 2 for microseismic data

niik s nuni*)er °f occurrences in cell ij, table k

nijk
Pi * Z Z ______ * fraction of all data in all tables k 

k j N that have attribute state i.

nijk
P-j * Z Z ______ ** fraction of all data in all tables k 

k i N that have attribute state j

N^ » number in data table

N * total number in both tables

Reference: Kendall, M. G., and Stuart, A., 1973, The Advanced
Theory of Statistics: Hafner, London, Third Edition, 
v. 2.
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TABLE 2-8: X2 FOR MACROSEISMIC VERSUS MICROSEISMIC DATA. a

depth - volume 

depth - stress 

depth - faulting 

depth - geology

volume - stress 7.96

volume - faulting (b)

volume - geology 9.64

stress - faulting (b)

stress - geology 6.52

faulting - geology (b)

aEight degrees of freedom are associated with each test. A statistic 
greater than 13.4 is significant at the 90 percent level and greater 
than 15.5 is significant at the 95 percent level.

Not analyzed because of lack of data.
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2.4.5 Shallow Compared to Deep and Very Deep RIS Reservoirs

The attributes associated with shallow reservoirs with 

accepted RIS were compared to those associated with deep and 

very deep reservoirs with accepted RIS. Chi-squared 

statistics for pairs of attributes involving volume, stress, 

and geology were calculated. Faulting was not analyzed 

because of the lack of data. Corresponding data tables, 

showing Chi-squared statistics and associated degrees of 

freedom, for the various pairs of attributes are presented in 

Table 2-9. The only significant distinction between shallow 

RIS and deep/very deep RIS reservoirs is the volume and stress 

pair of attributes, which is significant at the 95 percent 

confidence level.

2.5 A PRELIMINARY STATISTICAL MODEL OF RESERVOIR INDUCED 

SEISMICITY

From the statistical data base, a preliminary model to predict 

the likelihood of reservoir induced seismicity, based upon 

various attribute states, can be provided. For this study, 

the term "prior probability" refers to the likelihood of the 

occurrence of RIS out of all the reservoirs considered, and 

"conditional probability" means the probability of RIS 

occurring at a reservoir characterized by particular attribute 

states.

The probability of RIS for a reservoir categorized by the 

state of only one attribute was first analyzed. The 

association of different states of each attribute as they 

individually relate to the occurrence of RIS was examined. In 

order to calculate the probability of RIS for the states of 

all attributes, this information was first combined in a model 

that assumes probabilistic independence of the attributes. 

Because of the correlation between depth and volume implied by
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TABLE 2-9: SHALLOW COMPARED TO DEEP AND VERY DEEP RIS RESERVOIRS.

Shallow Reservoirs Deep/Very Deep Peservoirs

S 3 

s 2

s l

0 1 2

4 2 1

0 2 1

Sl 82 83

S 3 2 1 2

835

220

81 82 83

(90%) 

(95%)

10.55

13.4

15.5

V3

V2

vl

3

1

0

3

2

0

2

1

1

V3

V 2

vl

5

3

4

1

3

2

3

3

1

81 82 83 8l 82 83

(90%) 

(95%)

7.32

13.4

15.5

0

3

0

6

1

0

2

0

1

V3

V 2

vl

0

1

3

7

6

3

2

2

1

2 S 3

(continued)

(90%) 

(95%)

20.28

13.4

15.5

55



Woodward-Clyde Consultants

TABLE 2-9: (continued)

Single Attribute Differences

Shallow Deep/Very Deep

3 4

7 16 X2 0.42

3 5 X2 (90%) = 7.8

v3 8 9

v2 4 9 X2 3.44

vx 1 7 X2 (90%) = 7.8

gj. A 12

g2 5 6 X2 1.38

g, 4 7 X2 (90%) = 7.8
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the analyses shown in Section 2.4.3 of this report, models 

were also developed for estimating the probability of RIS 

given this dependence. In particular, two specific dependent 

cases were analyzed: one based on correlation between 

discrete depth and volume, and the other based on correlations 

between continuous depth and volume. Finally, all three 

models the independent model, the discrete dependent model, 

and the mixed discrete/continuous model were used for typical 

calculations for reservoir induced seismicity.

2.5.1 Single Attribute Analysis

If the state of one attribute, such as depth, is known, then 

the conditional probability of RIS can be calculated by using 

Bayes 1 Theorem:

P(RIS)P(d i |RIS)

P(RIS) P(d i |RIS) + P(RIS")
(2)

where d^ is the depth,

P(RIS) is the prior probability (frequency) of an

accepted RIS case, 

P(RIS) is the prior probability of a not-accepted

RIS case, 

P(d.j|RIS) is the conditional probability of depth d^

for an accepted RIS case and, 

P(d i |RIS) is the conditional probability of d.: for a
 I

not-accepted RIS case.

For the 234 deep, very deep and/or very large reservoirs, the 

prior probability P(RIS) of reservoir induced seismicity is 

29/234 or 0.12. Consequently, the prior probability of not- 

accepted RIS [P(RIS)] is 0.88. Using this and the data in 

Table 2-3, the conditional probability of RIS, given any
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specific state of a single attribute, can be calculated. As 

an illustration, a very deep reservoir (State d^ = d-^) can be 

used. Equation (2) then becomes

P(RIS) P(d,IRIS) L}

P(RIS) P(d 1 |RIS) + P(RIS) P(d1 JRIS)

_______(0.12) (0.34)______ 
(0.12) (0.34) + (0.88) (0.13)

0.26 (3)

The number 0.26 is the conditional probability of RIS for a 

very deep reservoir. All other conditional probabilities for 

RIS are shown in Table 2-10. From this table, it appears that 

the main attribute indicating whether a particular reservoir 

has potential for RIS is depth. Volume is the next most 

indicative attribute. The stress and geology attributes are 

not nearly as strong indicators, since the conditional 

probabilities of these attributes for RIS and not-accepted RIS 

are rather similar. Sufficient data are not available to give 

statistical meaning to any conditional probability for the 

faulting attribute states.

2.5.2 Multiattribute Model

The multiattribute model, which is analogous to Equation (2), 

considers all attributes simultaneously:

P(RIS) P(d,v,s,f,gJRIS) 
P(RISJd,v,s,f,g) =                        -            ; (4)

P(RIS) P(d,v,s,f,gJRIS) + P(RIST) P(d,v,s,f,g|RIS~) 
and,

P(RIS) P(d,v,s,f,g|RIS) 
P(R!S|d,v,s,f,g) =                                 ; (5)

I I __ I __ 
P(RIS) P(d,v,s,f,g|RIS) + P(RIS) P(d,v,s,f ,g| RIS)
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TABLE 2-10: CONDITIONAL PROBABILITIES OF RIS FOR ONLY ONE ATTRIBUTE. a

State

Attribute

Depth

Volume

Stress State

Fault Activity

Geology

1

0.27 (0.24)

0.12 (0.22)

0.10 (0.11)

0.18 (0.20)

0.16 (0.20)

2

0.11 (0.10)

0.23 (0.21)

0.12 (0.14)

0.00 (0.00)

0.10 (0.10)

3

0.03 (0)

0.09 (0.07)

0.18 (0.17)

 

0.12 (0.12)

aThe numbers not in parentheses are based on the deep, very deep 
and/or very large data set. Conditional probabilities (in paren 
theses) are based on deep and very deep data only.
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where P(RIS |d ,v,s , f ,g) is the conditional probability of RIS 

given the combination of states d,v,s,f,g. Dividing Equation 

(4) by Equation (5) yields

P(RISld,v,s,f ,g) _ P(RIS) P(d,v,s , f , g RIS )  i              ~                   i
P(RIS|d,v,s,f ,g) P(RIS) P(d,v,s,f ,g|RIS)

The statement of Equation (6) is "the conditioned odds of RIS 

equals the prior odds of RIS, multiplied by the likelihood 

ratio for the given states." Equations (4) and (6) are the 

bases for all the models that predict the likelihood of RIS.

2.5.3 Preliminary Model of RIS Assuming Probabilistic 

Independence

Assuming probabilistic independence among all attributes, the 

conditional probabilities of Equations (4) and (6) become, 

respectively,

P(d,v,s,f,g|RIS) = P(d[RIS) P(vjRIS) P(sjRIS) P(fjRIS) P(g|RIS) (7)

and

I__ I__ i__ I__ I__ I__
P(d,v,s,f,g|RIS) = P(d|PJS) P(v|RIS) P(sjRIS) P(f|RIS) P(g|RIS) (8)

The terms such as P(d|RIS)/P(d|RIS) are referred to as 

individual likelihood ratios, which are calculated from 

Table 2-3 and displayed in Table 2-11. To use the independent 

model, the information from Table 2-11, along with the prior 

probabilities of accepted RIS and not-accepted RIS, is 

substituted into Equations (7) and (8) and then into either 

Equation (4) or Equation (6). Examples are included at the 

end of this section.
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TABLE 2-11: LIKELIHOOD PATIOS - INDEPENDENT CASE. a

State

Depth

Volume

Stress

Fault Activity

Geology

2.

0.

0.

1.

1.

62

95

82

50

34

1

(2.

(2.

(0.

(1.

(1.

26)

04)

74)

50)

55)

0.

2.

0.

0.

0.

87

15

91

00

74

2

(0.

(1.

(1.

(0.

(0.

76)

87)

00)

00)

71)

3

0.21

0.66 (0.57)

1.58 (1.29)

 

0.94 (0.81)

aThe likelihood ratios (in parentheses) are based on deep and very 
deep reservoir data only.
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If different subsets of the data are considered, for example 

deep and very deep instead of deep, very deep, and/or very 

large, both the prior probabilities and likelihood ratios 

change. However, except for the cells in the data matrix 

which are added or removed, the prior probabilities and 

likelihood ratios change such that the final result is 

unchanged (as can be seen in Table 2-10). This is not 

necessarily true in the dependent case.

2.5.4 Models of RIS Assuming Dependence Between Depth and 

Volume

A model, very similar to that above, was developed for volume 

and depth as not probabilistically independent. Therefore,

and

P(d,v,s,f,g|RIS) = P(d,v|RIS) P(sJRIS) P(fJRIS) P(g|RIS) (9)

I__ I__ I__ |__ I__
P(d,v,s,f,g|RIS) = P(d,v|RIS) P(s|RIS) P(fJRIS) P(g|RIS) (10)

where P(d,v|RIS) means the joint probability of certain values 

of depth and volume, given that RIS occurred.

For the discrete case, this information can be estimated 

directly from the data sets. For instance, for the 29 cases 

of accepted RIS, 3 cases were both very deep and large (i.e., 

D = d-j^ and V = ^2)   Thus, the conditional probability of this 

combination for RIS is estimated as 3/29 or 0.11. In a 

similar manner, the conditional probability of a very deep and 

large reservoir in a not-accepted RIS case is estimated as 

11/204 or 0.06. The likelihood ratio for the d lf v 2 

combination is the ratio of these numbers. This ratio and the 

likelihood ratios of all volume and depth combinations are 

shown in Table 2-12.
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TABLE 2-12: LIKELIHOOD RATIOS - DEPENDENT CASE.

Discrete Case - Depth and Volume5

Volume

Small Large Very Large 
Depth

very deep 2.56 (2.22) 1.92 (1.67) 4.22 (3.66)

deep 0.46 (0.40) 2.25 (1.95) 1.62 (1.41)

shallow     0.21

Continuous Case; Depth and Volume

fN (d,v y d - 141, yv - 3.21; ad - 48.8, av - 1.0, p- 0.2)
t LR(d,v) -                                               

fN (d,v y d = 124, uv - 2.78; ad = 26.8, ay - 0.88, p- 0.2)

Both Cases; Stress, Faulting, and Geology5

State 

1 2 3

Stress 0.82 (0.74) 0.91 (1.0) 1.58 (1.29)

Faulting 1.50 (1.50) 0 (0.0)

Geology 1.34 (1.55) 0.74 (0.71) 0.94 (0.81)

a Likelihood ratios (in parentheses) refer to deep and very deep 
reservoir data set.

fn (    ) indicates a Normal distribution with parameters as given, 
following the bar. These parameters are the following:

]l£ =* Mean of depth
Pv * Mean of volume
ad   Standard deviation, depth
av * Standard deviation, volume
p = Correlation coefficient
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Equations (9) and (10) are useful for calculating the 

probability of reservoir induced seismicity from discrete, 

although dependent, information on volume and depth. A 

similar model was developed for volume and depth as continuous 

variables. For the deep and very deep reservoirs, regression 

models were run for both the accepted RIS and not-accepted RIS 

cases to fit bivariate, normal distributions, based upon 

dependence between the two attributes. Using these two 

distributions, the relative likelihood ratio of the occurrence 

of a particular d and v pair for the accepted RIS and not- 

accepted RIS cases can be obtained. This likelihood ratio is 

LR(v f d) f which is also given in Table 2-12. The likelihood 

ratio from the continuous data in Equation (6) can be used to 

calculate the relative conditional probabilities of accepted 

RIS versus not-accepted RIS for a particular reservoir. 

Because these probabilities must sum to one, it is easy to 

calculate the conditional probability of RIS from this 

information.

2.5.5 Typical Calculations for the Probability of Reservoir 

Induced Seismicity

The likelihood Equation (6) can be used to calculate the 

probability of RIS for all three models: the independent 

model, the discrete dependent model, and the mixed 

discrete/continuous dependent model. Two examples are 

provided to illustrate the technique.

1) A very deep, large reservoir is in an extensional stress 

field; active faulting is present, and metamorphic geology is 

characteristic of the reservoir area. Notationally this 

corresponds to a designation of (d-^, v^t s^, f-^, ^2^* ^or ^e 

independent model, the data from Table 2-11 can be substituted 

into Equation (6) to calculate the conditional probability of 

reservoir induced seismicityy which is 0.35. Using the
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discrete dependent model, data from Table 2-12 are applied to 

Equations (9) and (10) then into Equation (6) to find that the 

conditional probability of reservoir induced seismicity for 

example one is 0.17. For the continuous model for depth and
p o

volume (assumed depth of 183 m and a volume of 30 x 10 m ), 

the likelihood ratio in Table 2-12 is substituted into 

Equation (6), and the conditional probability of reservoir 

induced seismicity for this first example is found to be 0.32. 

The basic data for all three of these calculations are shown 

in Table 2-13. These conditional probabilities are the same 

for both data sets as changes in the attribute likelihood 

ratios are compensated by changes in the prior probabilities.

To assess the accuracy of the estimate of 0.35 for the 

probability of RIS in this first example (independent case), a 

sampling variance of the estimate has been calculated 

(Table 2-14). The corresponding standard deviation is 0.14, 

which implies that the estimate is not precise. The procedure 

for calculating the sampling variance of the estimate of 

probability of RIS is as follows. The sampling of each 

marginal likelihood can be calculated from the Bernoulli 

model:

where "p^ is the estimate of the probability of attribute level 

i f given RIS. These estimates are propagated through Bayes 1 

Theorem for estimating the conditional probability of RIS for 

the various attribute values. Because the uncertainty in the 

estimates are multiplied, the aggregate uncertainty increases 

over the uncertainty in any one likelihood.

2) The second example is a deep and large reservoir having

extensional stress, active faulting, and sedimentary geology.

The predicted likelihood for the occurrence of RIS was

65



TABLE 2-14: SAMPLING VARIANCE: EXAMPLE ONE, DISCRETE MODELa

Variance of Attribute

Attribute

very deep

large

extensional

active

metamorphic

Variance of Numerator

Likelihoods

Variance Coefficient of Variation (COV)

8.2 x 10""3 0.25

8.5 0.23

4.3 0.46
 

7.8 0.30

and Demoninator "

P = p°(RIS) LCd-jRIS) L(v2 |RIS) L(SI RIS)

Q - 3 (RI 

COV P * { COV 

COV Q - { COV 

where 

C(P-fQ) = C(p°, 

V(P) =« 2.7 x

V(Q) - 3.1 x

(P,Q) = 7.3 x

L(g2 |RIS)

S) L(d1 |RIS) L(v2 |RIS) L(s1 |RIS) L(g2 RIS) 

2£° + COV2Ld + COV2LV + COV2Lg + COV2L } = 0.67 

2 q,° + COV2Ld , + COV2Lv , + COV2Lgt + COV2L ,} - 0.30

, p° = p°(RIS); q° = pO(RiS); Ld
&^^«T »T »T «T »T »T «T «T

__7d v s g d f v^ s r g T
10 '

io-7

= L(d|RIS); and L~d , - L(d|RIS)

__Q /s /s ^> /s

10 , where C(P,Q) is the covariance of P and Q.

Estimator Variance

Pr(RIS) - P/(P+Q)

~   -v ,. ^ » * /  . ̂  ^ ^"T ^ * ^ ^ / O«  » O ^ / ^*^^O-%'> ^
V(?r) = {(P+Q) a - P/(P+Q) 2?} 2 «V(P) + {P/(P-H5) 2 } 2 'V(Q)

+ {(P+Qr 1 - P/(P+Q) 2 }{P/(P+Q) 2 }'C(P,Q) 
- 2.3 x 10"2 

a(Pr) = 0.15

aAnalysis for deep and very deep data set. 

Reference: Kendall and Stuart, 1973 (cf. Table 2-7).
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TABLE 2-13: DATA USED FOR EXAMPLE ONE CALCULATIONS. 3

Likelihood Ratio

States

Very Deep 

Large

Extensional

Active

Metamorphic

Discrete 
independent

2.26 

1.87

0.74

1.50

0.71

Discrete 
dependent

1.67

0.74

1.50

0.71

Mixed discrete/ 
continuous 
dependent

3.72

0.74

1.50

0.71

Cumulative 
product (17) 3.33 1.32 2.93

CONDITIONAL ODDS RATIO:

* Prior odds ratio * 0.14/0.86 * 0.16

* Conditional odds ratio:

independent * 0.16 x 3.33 * 0.53
dependent discrete - 0.16 x 1.32 « 0.21

dependent mixed * 0.16 x 2.93 * 0.47

* Conditional Probability of PIS:

independent * 0.53/1.53 * 0.35
dependent discrete * 0.21/1.21 - 0.17

dependent mixed - 0.47/1.47 * 0.32

lEased on deep and very deep data set.

66



Woodward-Clyde Consultants

examined and is indicated in Table 2-15. The characteristics 

of those reservoirs corresponding to the least likely and most 

likely to be associated with RIS are also indicated in 

Table 2-15. The calculations illustrate the range of 

probabilities that can be generated by these models.

2.6 INTERPRETATION AND APPRAISAL 

2.6.1 Interpretation of the Results

Several observations can be made from the results of this 

statistical analysis. First, depth appears to be the most 

discriminating attribute among the five attributes studied 

(Table 2-10). (The data set for this analysis does not 

accurately reflect the conditional probability for RIS at 

shallow reservoirs; only shallow reservoirs that are also very 

large were considered. If all 13,000 or more shallow 

reservoirs were considered, the conditional probability for 

RIS at a shallow reservoir would be near zero.)

The next best attribute for distinguishing between accepted 

RIS and not-accepted RIS cases appears to be reservoir volume. 

Only very large reservoirs were considered completely; if all 

large and small reservoirs were considered, the appropriate 

conditional probabilities would be much lower (see Stuart- 

Alexander and others, 1979). The reason for the higher 

conditional probability of RIS for large reservoirs, as 

compared to very large reservoirs (Table 2-10), is that the 

only large reservoirs analyzed in this study are those that 

are deep or very deep, while all very large reservoirs were 

analyzed. If the 33 very large but shallow reservoirs are 

excluded from the data set, the conditional probability of RIS 

for a very large reservoir becomes 0.22, instead of 0.12.
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The continuous analysis of depth and volume revealed a weak 

correlation between these attributes for not-accepted RIS 

sites. No other significant correlations have been observed. . 

Accordingly, the continuous/discrete statistical model is the 

strongest of the three predictive models because it includes 

the dependence between depth and volume.

Very little can be concluded statistically about the relevance 

of the attribute of active faulting because few data were 

gathered on the presence of active faults near reservoirs and 

because of the difficulty in assessing fault activity at many 

sites where no specific fault studies have been conducted. As 

a final observation on the statistical analysis, a cause and 

effect relationship should not be assumed between the 

attributes studied and the likelihood of reservoir induced 

seismicity.

2.6.2 Appraisal of the Data and Sensitivity Analysis

The size of the data set has a major impact on the 

significance of the results. Many of the conclusions in this 

study were drawn from a set of 234 reservoirs, 29 of which are 

accepted cases of reservoir induced seismicity. Although this 

total size is fairly large, 162 (3x3x3x2x3) possible 

combinations of attribute states means that the information 

about various combinations of attribute levels is quite 

sparse. This situation is particularly acute when only 29 

reservoirs are considered. Also, because of the magnitude of 

the data collection problem, more than 13,000 reservoirs, 

which are neither deep, very deep, nor very large, were 

excluded from this study. '

The classification of the characteristics at each reservoir 

requires professional judgment of the available data. 

Additional data on site-specific conditions may prove some of
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these judgments inaccurate. For some attributes, changes in 

only a few reservoir classifications, particularly for the 

accepted RIS cases, can have a significant impact on the 

predictive model. The following example, using data from 

Table 2-3(A), illustrates the sensitivity of the results to 

changes in the data.

If three of the RIS reservoirs were transferred from shear 

status (state s^) to extensional status (state s-^), the 

conditional probabilities for shear and extensional stress 

regimes, given RIS, would become 0.11 and 0.17, respectively 

(cf. Table 2-10). Such a change would reverse the conclusions 

drawn from the data, making an extensional stress regime the 

most likely to be associated with RIS, rather than shear.

The choice of cutoff levels for depth and volume also can 

influence the results of discrete analyses. Table 2-16 

illustrates the changes in conditional probabilities if the 

cutoff of very deep reservoirs were chosen at 175 m instead of 

150 m. The 175-m cutoff was selected as an alternative 

because many of the reservoirs with depths between 150 m and 

175 m are not-accepted RIS cases.

Whether or not a reservoir is classified as a case of accepted 

RIS will affect the analysis. For example, if ten reservoirs 

now classified as accepted RIS were reclassified as not- 

accepted RIS, all the estimated probabilities for RIS using 

Equation (4) would be reduced by approximately one-third. 

Conversely, if ten of the not-accepted RIS cases were changed 

to accepted RIS, the resulting 30 percent increase in the RIS 

data base could change much of the significance in 

correlations observed in this study.

The limitation in the size of the data set and the sensitivity 

of the analysis to changes in data values require that this
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TABLE 2-16: SENSITIVITY ANALYSIS OF DEFINITIONS FOR DEPTH STATES. 3

State

Number
of

Reservoirs

RIS data 29

RIS likelihood

Not-accepted RIS data 204

Not-accepted PIS likelihood

Likelihood ratio

Conditional probability
of RIS

Deeper
than
175 m

8

0.28

12

0.06

4.69

0.40

92 to
175 m

20

0.69

159

0.78

0.88

0.11

Less
than
92 m

1

0.03

33

0.16

0.21

0.03

Alternative definition chosen for very deep,
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analysis be considered preliminary. The statistical models 

either consider all attributes to be independent or allow a 

dependence between depth and volume, assuming independence 

among the pair and each of the other attributes. More data or 

more accurate site-specific data could indicate dependence 

among other attributes. Such changes in recognized 

dependencies could then be incorporated into the general 

statistical model for assessing the likelihood of occurrence 

of reservoir induced seismicity.

2.7 ADDITIONAL OBSERVATIONS

In addition to the results of the statistical evaluation and 

categorization of reported cases of reservoir induced 

seismicity, observations of several other aspects of RIS can 

be made from the data. A plot of the time between the start 
of impoundment and the first suspected RIS event shows that 

nearly two-thirds (29 out of 45) of the accepted cases of RIS 

had suspected RIS during the first year (Figure 2-11). A 

similar pattern (10 out of 28) can be observed for accepted 

cases of RIS at deep and/or very large reservoirs.

A comparison of the time between impoundment and the first 

suspected RIS event to the time between impoundment and the 

largest suspected RIS event shows a time lag of, frequently, 

several years between first event and largest event to date 

(Figures 2-11 and 2-12). Generally, this delay between first 

and largest suspected RIS event is less than one year, 

although 9 reservoirs had delays of three years or more.

The distribution of magnitude of the maximum RIS events is 

shown on Figure 2-13. This graph may reflect the lack of 

monitoring of microearthquakes at many of the world's 

reservoirs; the expected distribution should have a relatively 

larger number of smaller magnitude events. All the reservoir
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induced seismic events over magnitude 6 have occurred at deep 

and/or very large reservoirs. There also appears to be a 
relationship between a larger number of years after start of 

impoundment and larger magnitude RIS events (Figure 2-14). 

All RIS cases with maximum magnitudes of 3 or less (14 cases) 

occurred within 2 years after start of impoundment. RIS cases 

with maximum magnitude of 5.5 or greater (6 cases) have a mean 

of 5.1 years after start of impoundment, and only two of these 

occurred in less than two years.

2.8 SUMMARY AND CONCLUSIONS

A detailed literature survey was made to gather data on 

reported cases of reservoir induced seismicity and all deep 

and/or very large reservoirs. Deep and/or very large 

reservoirs were identified from the World Register of Dams and 

other compilations such as Mermel (1978) and Simpson (1976). 

Data were gathered from engineering literature for reservoir 

size and shape, reservoir impoundment, and water fluctuation 

history, and from geologic literature for regional and local 

geology, stress conditions and faulting, hydrology, and 

seismicity. Reported cases of RIS were identified from 

published accounts as well as from correspondence and 

discussions with various experts. The body of data resulting 

from this compilation is presented in Appendix A. These data 

have formed the basis for analysis of each case of RIS and for 

construction of preliminary statistical models to predict the 

occurrence of RIS.

The influence of the reservoir on local macro- and micro- 

seismicity has been evaluated for each reported case of RIS. 

Where post-impoundment seismicity had a demonstrable spatial 

and/or temporal relationship to the reservoir, the case for 

RIS is classified as accepted. Where it was clearly 

established as being unrelated to the reservoir, the case is
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classified as not accepted RIS. Where the relationship is 

unclear because of insufficient data, the case is classified 

as questionable RIS. Of the 64 reported cases of RIS 

considered, 45 were assessed to have accepted RIS and 7 were 

assessed to be not reservoir induced. Of these 45 cases, 16 

were recognized as accepted RIS at macro- and micro-seismicity 

levels, 14 were recognized at macro levels only, and 15 were 

recognized at micro levels only.

The most easily identified cases of RIS are those where 

microearthquakes have shown good correlation with the filling 

history and/or changes in water depth. However, the 

recognition of such a correlation requires detailed 

microseismicity data from local seismic networks. Because 

high quality microearthquake arrays are established at very 

few reservoirs, many cases of reservoir induced 

microseismicity may not have been recognized. For many of the 

reported cases of reservoir induced macroseismicity, there 

appears to have been no change in the frequency or magnitude 

of background seismicity (Table 2-1). However, the seismicity 

often is associated in space and time with the filling of the 

reservoir or with water level fluctuations.

The data collected on deep and/or very large reservoirs, the 

data on reported cases of RIS, and the assessment of the RIS 

cases, were combined to construct preliminary statistical 

models for predicting the probability of occurrence of RIS. 

These statistical studies have indicated an association 

between maximum water depth and the occurrence of reservoir 

induced seismicity. A less discriminating attribute for 

distinguishing between accepted RIS and not-accepted RIS cases 

appears to be reservoir volume. Other attributes considered 

include geology of the reservoir area, regional stress regime, 

and faulting that has exhibited displacement during the active 

tectonic regime.
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The models constructed from these attributes indicate the 

effects of certain combinations of attributes on the 

occurrence of RIS and illustrate the range of probabilities 

that can be obtained for combinations of the attributes; 

however, because of the relatively small number of cases of 

RIS and their distribution, these models are sensitive to 

changes in data classification.
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3.0 THEORETICAL MODELLING OF RESERVOIR INDUCED SEISMICITY

3.1 INTRODUCTION

From a comparison of the time and location of reported induced 

seisnicity (discussed in Section 2.1) with the reservoir water 

level, two observations can be made: 1) The seismicity often 

occurs during the initial reservoir filling, and 2) A strong 

correlation exists between the frequency of seismicity and the 

changes in the water level. Moreover, a delay of several days 

to several months is often noted between rapid water level 

changes and peak seismic frequency.

Several numerical techniques have been developed to compute 

stress levels in the rock beneath a reservoir, and these 

stress levels have been compared to the time and place of 

observed seismicity at a number of reservoirs.

Modelling of elastic halfspaces, using techniques developed by 

Gough and Cough (1970), Lee (1972) and Nyland and Withers 

(1976), have been applied to induced seismicity cases. Models 

that consider fluid within the rock have also been used. The 

equations governing the behavior of a fluid-filled elastic 

solid were developed by Biot (1941a), and expansion techniques 

have been developed by Withers (1977) and by Bell and Nur 

(1978).

3.2 ELASTIC MODELS OF RIS

3.2.1 Modelling of Elastic Materials

To understand the mechanism of the seismic stress release, the
magnitude of the stresses generated by the filling of the

reservoir must first be calculated. This calculation of the
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response of a non-gravitating elastic halfspace to surface 

pressures is called the Boussinesq problem (Timoshenko and 

Goodier, 1970; Farrell, 1972).

The Boussinesq problem involves calculation of the deflection 

and stress matrix beneath a surface load. The Boussinesq 

solution was first applied to lake loading at Kariba reservoir 

which was approximated into 1300 vertical point forces, each 

representing the average pressure over a unit area (Gough and 

Gough, 1970 a,b). The displacement and stresses at each load 

point were calculated, and their contributions were summed at 

the point of interest. The displacement term decreases as the 

inverse of the distance from the surface point force and 

stresses decrease as the distance squared.

As an example, the Kariba reservoir was approximated at 80 m 

deep (average), 25 km wide, and 200 km long. The calculated 

maximum shear stress was only 2.1 bars under the deepest part 

of the lake. The predicted deflection at the surface was a 

maximum of 23 cm, which is in good agreement with the observed 

deflection along a nearby road. This deflection extends over 

a larger area and decreases with depth as seen in Figures 3-1 

and 3-2. This same technique was applied to the Oroville 

Reservoir by Beck (1976), who found the largest shear stress 

was 3.4 bars, again under the deepest part of the lake. 

Because Oroville is about twice as deep as Kariba, this larger 

stress is expected.

Another technique for the solution of the Boussinesq problem 
involves a Fourier-Bessel expansion of the elasticity 

equations in cylindrical coordinates (Lee, 1972). A lake is 

approximated by a pattern of elemental loads, each shaped as a 

section of an annulus. The advantage of this method is the 

solution of the displacements and the variance of elastic 

parameters with depth.
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The third technique for solution of the Boussinesq problem was 

developed by Nyland and Withers (1976) and involves a Fourier 

transformation. The equation of elasticity may be simplified 

by taking the transform of the equation: derivatives become 

multiplications which are a much simpler computation. The 

boundary effects may also be simply defined in two dimensions 

in the Fourier Domain. The numeric procedure involves 

overlaying the reservoir with a regular two-dimensional grid, 

usually 64 x 64, and the values at each node are defined by 

the reservoir depth.

The Fourier Transform technique was applied to Kariba 

Reservoir, and results similar to those obtained by Gough and 

Gough (1970a,b) were derived. The Fourier Transform technique 

can be expanded by a matrix technique to model a layered 

halfspace beneath the reservoir (Withers and Nyland, 1976).

As demonstrated in elastic modelling demonstrated that even 

the very deepest reservoirs could not create more than a few 

bars of maximum shear stress in rock located beneath the 

reservoir. This amount of shear stress is two orders of 

magnitude too small to initiate new fractures in intact rock 

and is about an order of magnitude less than required to 

initiate movement along preexisting fractures. For this 

reason, the small, induced elastic forces associated with 

reservoir impoundment can act only as triggering forces. The 

material beneath the reservoir must already be fractured and 

prestressed by existing forces to a point very near failure. 

The additional load applied by the filling of the reservoir 

would appear to bring the rock to failure which is observed as 

a seismic event. Thus, cases of reported seismicity should 

occur in areas of high stress levels and require zones of 

weakness, such as active faulting, to exist close to the 

reservoir. The results of the modelling also suggest that 

because of the limited influence,, the seismicity must occur
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"near" the reservoir. The modelling indicates a spatial and 

temporal association with the reservoir, given the right 

conditions of a high stress level and existing faulting. 

Therefore, an earthquake which would have occurred later in 

the normal geologic sequence may be prematurely triggered by 

the filling of a reservoir.

3.3 MODELS OF RESERVOIR INDUCED STRESSES IN ELASTIC 

FLUID-FILLED MATERIALS

The elastic halfspace modelling has a basic disadvantage: it 

has no mechanism for exploring 1) why a short delay of a few 

days to a few months occurs between water level fluctuations 

and the detected seismicity, and 2) why the seismicity does 

not always occur immediately after initial filling. The 

inability of the modelling to explain time effects indicates 

that other triggering mechanisms may be effective and that 

further research in effective stress modelling is necessary.

The effective stress can be expressed as an algebraic sum of 

the acting elastic stresses plus the pore fluid pressure in 

the rock. Such fluid may be assumed to already exist in the 

rock or may enter the rock by diffusion from the bottom of the 

reservoir, thus raising the water table. Whichever is the 

case, the fluid has the ability to transfer larger stresses, 

of about 10 bars for 100-m-deep reservoirs, to significant 

depths in the rock.

3.3.1 Application Of Biot Models of Elastic Solids Containing 

Fluids

Biot (1941a) developed basic equations governing the behavior 

of elastic solids containing fluids. The theory was conceived 

for the study of consolidation of foundations in clay and 

sandy material but is sufficiently general to be applied to
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rock located beneath a reservoir. As Rice and Cleary (1976) 

suggest, the recently popular theory of mixtures of 

interacting continuum has little advantage over the classical 

theory of Biot under conditions where local equilibrium of the 

pore fluid may be assumed.

For Biot f s (1941a) theory, the equilibrium equations are:

G [7 2 U + (2n - 1) VV   6] - a?p = 0 d) 

k7 ' p . a ^JL + i -£.

where U is the displacement of the solid matrix,

p is the pore pressure, 

G and n is the elastic constants of the matrix

expressed in terms of Young's Modulus Y, 
and is Poisson's Ratio ^,

2(1 + v) ' 1 - 2v

Modelling with this theory has been extensively performed by 

Withers (1977) using Fourier transforms; the results of this 

modelling has been applied to reported cases of reservoir 

induced seismicity. In the elastic model solutions of the 

Boussinesq problem, the only rock parameters required were G 

and n , which were generally estimated from local rock 

material. For the Biot approach, three fluid parameters are 

also required, k, a and Q. k represents the permeability of 
the matrix and, in the development of the mathematics, appears 

only to act as a linear time-scaling constant. Thus, if the 

permeability is doubled, the same result is obtained in 

exactly half the time. a may be interpreted as the ratio of 
the volume of fluid alone to the volume of the solid, if the
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latter is allowed to compress while allowing the fluid to 

escape. 1/Q is a measure of the amount of fluid that can be 

forced into the solid under pressure while the volume is kept 

constant.

The constants Q and a depend on the flow regime within 

channels in the rock and are the most difficult parameters for 

which reliable values can be obtained. Jaeger and Cook (1976) 

show that a = 1 and 0 = «  are acceptable values for rock in 

laboratory conditions. This assumes that the rock is 

saturated and that the compressibility of water is much less 

than that of rock. Computations made with these parameters, 

using a boundary condition that the fluid pressure is 

continuous across the surface interface, led to results in 

which final equilibrium is reached instantaneously and no time 

lags exist. These results have not been observed during 

loading and must be due to a poor selection of the parameters 

Q and «.

The parameter a relates to the rock saturation. It is 

reasonable to assume that rocks are relatively saturated so 

that a is between 0.9 and 1.0. For soils, the value of a may 

be about 0.7. The smaller the value of a, the longer it takes 

for equilibrium to be established; however, if too small a 

value is selected, the phenomenon called the Mandel-Cryer 

effect may be observed. The Mandel-Cryer effect (Schiffman 

and others, 1969) exists when an anomalously high pressure 

lobe is observed at depth beneath the surface load. These 

pressures may exceed the applied load.

The other parameter, P, is specified in terms of initial 

(undrained) and final (drained) compressibilities. In 

laboratory samples, the final compressive state is almost 

entirely due to water volume changes, and 0 is necessarily 

infinity. If the value of Q is lowered from infinity,
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realistic time delays may be achieved with Q about 10 times 

larger than Young's modulus. After the load has been applied, 

very little post filling consolidation is observed for this 

example. The literature on Q and a for rocks is limited. The 

results of compressive tests on drained and undrained black 

shales indicate that Q is of the same order of magnitude as 

the drained Young's modulus.

To solve the Biot equations, certain conditions must be met at 

the surface. Several conditions are possible for the water 

boundary equation. For one, the flow through the surface may 

be specified; however, this is an inadequate solution since 

the flow is so difficult to verify. The most obvious choice 

for a boundary condition is defining the water pressure at the 

surface. This selection may be variable over length scales of 

tens of kilometers; however, under ideal conditions, water 

pressure changes can be monitored at the surface and the 

modelling can be verified.

Two extreme boundary conditions can be selected. If the 

bottom of the reservoir is sealed and no connection exists 

between the reservoir and the ground water, then the surface 

water pressure is zero. This is called zero coupling with the 

ground water. Full coupling exists where the ground water 

surface value equals that of the reservoir. In normal soil 

situations, full coupling may be the case; however, leakage 

would be a major problem and reservoirs are usually impounded 

on more impermeable bases. For this reason, the coupling 

should lie between 0 and 1; in the modelling studies to date, 

0.25 seems to indicate a good compromise. Since the fluid 

connection of the reservoir and ground water is via channels 

and fissures that narrow with depth, it is feasible to explain 

the reduced coupling. This reduction of pressure by flow in 

confined channels is called the Bernouilli effect. It is also 

possible that variable hydrologic parameters at shallow
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depths, incomplete fluid coupling, and capillary narrowing all 

affect the flow concurrently.

Biot equations (1) and (2) may be solved using the lake 

geometry and depth as a source function, and G, n , k, C, a , 
and coupling as variables. The values of G, n , and k can be 

reasonably estimated from the rock type and local hydrology, 

but considerable uncertainty exists for the variables Q, ot, 
and coupling. It is in this area that major research is 

presently directed.

Dell and Nur (1978) have reexainined the Fiot equations using 

an elastic and hydrclogic parameters developed by Rice and 

Cleary (1976). The field equations they derived are similar 

to equations (1) and (2)

9 f
9Xi ^

j. 3p \ 3 ^ v a - v)
8x1 y 2GB (1 H1- V) (1 H(- V M )

i/-« v * 3(vn \M^G£ i"i ~ a in ~ "":      akk (Si-i +       L "    '    Po-i-i (3)
3 1: 1  «  v KK ^J B(l + v) (1 + v,J 1 3 IJ;

3 \
P (4)

where VM is the undrained (no change of mass) Poisson's ratio 

having limiting values !/2>vM>v. The upper limit is reached 

for separately incompressible constituents, and the lower 

bound is achieved where the pore fluid is highly compressible. 

The constant B is expressed as a ratio of bulk modulii. B is 

typically 1 for water-saturated soils but can be substantially 

less for rocks, the constituents of which are not effectively 
incompressible. The constants v^ and B can be derived from a 

single undrained test in which the Poisson effect and pore 

pressures are measured.
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. - B

B -                   (6)
v 0/Kf + l/K - I/Kg -

E Acr i:j - A^kk^ij (7)

Rice and Cleary (1976) present typical values of the variables 

B and v derived from elastic and hydraulic testing. These 
values indicate R is 0.8% for, Ruhr sandstone, 0.85 for 

Westerly granite, and 0.51 for Tennessee marble. The 

corresponding values of v^ are 0.31, 0.34 and 0.27, 

respectively. These parameters were not directly measured in 

the single undrained test and probably have considerable 

variation.

3.4 PREDICTION CF FAILURE

The Mohr failure criteria require that the sum and difference 

of the principal stresses be specified everywhere. Because in 

modelling these amounts vary in three dimensions as well as in 

time, they are difficult to represent. For this reason, 

several abbreviated representations have been used. One of 

these is the plot of the locus of a point on the Mohr circle. 

The representation is shown on Figure 3-3a for several times, 
and the Mohr circle* can be reconstructed from the locus. The 

small anomalous stresses computed can be added to the existing 

stresses without using matrix rotation to obtain the principal 

stresses. Thus, as shown in Figure 3-3b, the initial 
undisturbed situation is at the origin, and movement of the
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Mohr locus to the upper left quadrant is in the direction of 

the failure envelope. Seismicity may occur if the rock is 

close to failure, and the locus crosses an unknown prestressed 

failure envelope.

Motion into this upper left quadrant has been identified as 

increased "instability," as shown by Figure 3-3b. 

Unfortunately, the amount of instability required to activate 

an earthquake in a particular area is not known. Various 

estimates of this value for particular faults can be made from 

the computed stress drops during large earthquakes. These are 

typically 10 to 100 bars but can be as low as 1 bar in some 

instances.

To illustrate the typical analysis, a two dimensional load 

will be represented here, modulus of 0.85 megabars, Poisson's 

ratio of 0.27, permeability of 2.0 millidarcy, Q =«, a = 1, 

and a coupling of 0.25 were selected for this example. 

Because the model reservoir was approximately 30 km across, 

loci were examined at the depths of 3 km, 6 km and 12 km, 

using the offsets 1, 2, 3, and 4, as shown on Figure 3-4a. 

Position 1 is directly below the reservoir. Position 4 is 

offset approximately 40 km from the center. The water depth 

was 5 m, and the selected filling, shown in Figure 3-4b, is 

typical of many reservoirs.

The Mohr loci shown on Figure 3-5 are for normal faulting in 

which the maximum principal stress is vertical. For the 

selected boundary conditions, the largest instability after 

1 year occurs at 6 km directly below the reservoir. The 

instability is approximately 0.12 MPa above the tectonic level 

and, depending on the sensitivity of the area, may trigger an 

earthquake. At 2 years, the maximum instability has moved to 

12 km below the lake. This position is more unstable at 

2 years than at 1 year and is even more unstable than the
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position 6 km beneath the reservoir. Thus, if an earthquake 

had not occurred at 6 km earlier, it may still be triggered at 

12 km 2 years after initiating filling. At positions 2, 3, 

and 4, the stresses are much lower. Thus, in this instance, 

the initial filling would have created the largest anomalous 

stresses. The reservoir induced seismicity at both Vayont and 

Kremasta are typical of failure during the initial filling.

The second part of the filling history of this example 

(Figure 3-4b) was associated with an unload and refill cycle. 

This history was chosen since it is similar to the filling of 

Lake Oroville, California, where the main shock (normal 

faulting) occurred just as the refill was completed. At the 

3-km and 6-km depths beneath the^reservoir (Figure 3-5), the 

stresses at 5.5 years (completion of refilling) are always 

less than those earlier in the filling. However, at 12 km the 

instability is greatest at 5.5 years. In fact, this is the 

greatest instability produced at any location during the 

entire loading cycle. Thus, if an earthquake had not been 

triggered by the lower stress levels earlier, then one would 

most likely have occurred below the reservoir at 5.5 years.

It is important to examine the stresses at 12 km at 

position 2. Although the stress levels are smaller there than 

beneath the reservoir, a marked increase in instability occurs 

at 5.5 years at the edge of the reservoir. If a local zone of 

weakness exists, it is possible, under these conditions, for 

the seismicity to be offset from the center of the reservoir 

during the refill cycle.

The examination of the loci in a thrust environment (shown on 

Figure 3-6) leads to different conclusions. Here the initial 

filling stabilizes the area beneath the lake. Offset from the 

reservoir, the instability increases during the initial 

filling, decreases during the unload, and increases again
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during the refilling. The stress levels are smaller than

those for the normal faulting case, but they indicate that the

triggered seismicity would be offset from the reservoir.

3.5 ADDITIONAL OBSERVATIONS

Obviously no model is better than the parameters used and the 

uncertainty in choosing values for a, Q, and the coupling. 

Figure 3-7, which illustrates the effect that 0 has on the 

results for normal faulting, should be compared with 

Figure 3-5. Again, the seismic event would have occurred 

below the reservoir, but the time of the event is now less 

dependent on the drawdown-refill cycle. In this example, the 

fluid pressure is increasing with time as the pressure 

diffuses to depth, and this is reflected in the movement of 

the Mohr locus to the left. Instability increases to a steady 

state value or until the local conditions for failure are 

exceeded. Further studies should emphasize more constraint of 

the fluid properties of rock over large distances. Strike- 

slip faulting has not been modelled due to the numeric expense 

and representation difficulties associated with three 

dimensional modelling.

Bell and Hur (1978) have examined the effect of a zone of 

permeable material dipping beneath the reservoir. This zone 

can considerably alter the flow pattern. Figure 3-8 shows 

induced pore pressure changes plotted as a function of a 

scaled time unit. The permeability of the fault zone in this 

figure is 100 times that of the surrounding rock. The 

strength changes are also strongly influenced by the 
introduction of a permeable zone. Figure 3-9 represents the 

strength changes for thrust, normal, and vertical strike-slip 

faulting for several times. A negative sign in this figure 

represents weakening of the rock, and a positive sign 

indicates strengthening.
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Upon comparison of Figure 3-10, where the permeable zone is 

absent, with Figure 3-9, several conclusions can be made: For 

thrust faulting, the strength patterns with and without the 

permeable zone are similar. However, as time increases, the 

effect of the fault zone greatly weakens the strength in its 

vicinity. The final steady state value of the strength change 

for thrust faulting about doubles after the introduction of 

the permeable zone and influences a considerably larger area 

when the faulting is present. For the normal faulting case, 

the steady state strength change also doubles and influences a 

larger area.

Modelling with a permeable fault zone provides a significant 

alternate mechanism for explaining how large, effective 

stresses penetrate to great depths. From Figure 3-9, the 

weakening in the direction of shear for normal faulting 

achieves a reduction of strength by up to 70 percent of the 

maximum applied water load. For strike-slip faulting, the 

reduction of strength is as much as 55 percent of the applied 

water load. The thrust case also contains significant 

strengthening zones, whereas normal and strike slip cases do 

not.

3.6 CONCLUSIONS

Theoretical modelling has made great advances in explaining 

the mechanism of induced seismicity beneath reservoirs. The 

elastic halfspace models have been used successfully to 

predict ground deflection and would indicate that only very 

small stresses could be generated by reservoir filling. The 

fluid models, based on Biot's consolidation theory, allowed 

for much larger triggering stresses to be generated at depth 

by either pressure build-ups or by zones of low permeability. 

Seismicity during' initial filling and observed delays in the 

seismicity associated with small changes in water level can be
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explained by the fluid-filled models. These models also 

explain the occurrence of seismicity away from the center of 

the reservoir.

A number of uncertainties still exist in the modelling which 

limit its applicability. These limitations are in general due 

to a lack of knowledge of large-scale elastic and hydrologic 

behavior of the rocks. The level of saturation and the 

fluid/rock system compressibility behavior over large 
dimensions are still major uncertainties. The mechanism of 

coupling between the ground water and the reservoir is also 

not understood and yet significantly alters the results of 

theoretical models. Unfortunately permeability, which can be 

measured from well tests, is not a fundamental parameter of 

the model, as it only influences the time-scale of the 

modelling.

If more were known of the deformation behavior of water- 

saturated rock systems, then modelling might be used to better 

understand the observed seismicity at a number of reservoirs 

having reported induced seismicity. From such research, 

modelling may then be applied to risk assessments of proposed 

reservoirs.

104



Woodward-Clyde Consultants

4.0 STUDIES OF FAULTING AT SELECTED RESERVOIRS

4.1 INTRODUCTION AND CONCLUSIONS

Models of the stresses created by the filling of reservoirs 

suggest that the stresses are not sufficient to initiate new 

fractures and that the reservoir impoundment must trigger the 

release of stress along pre-stressed faults (Section 3). This 

implies that displacements resulting from reservoir induced 

seismic events on such pre-stressed, tectonically active 

faults must have occurred as a result of stresses created by 

the present or active tectonic stress regime. Since reservoir 

induced earthquakes are shallow, having focal depths no 

greater than 10 to 15 km, induced earthquakes of moderate 

magnitudes along these pre-stressed (active) faults might be 

the result of fault rupture that has extended to the surface.

Packer and others (1977) list 11 reservoirs with accepted or 

questionable cases of reservoir induced seismicity that have 

maximum magnitude earthquakes of 5.0 or greater (Table 4-1). 

To evaluate if faults that might have been influenced by 

filling of these reservoirs are active (had displacement in 

the present tectonic stress regime), several of these 

reservoirs were selected for field reconnaissance studies. 

Data available from the literature indicate the presence of 

active faults within the influence of the reservoir at two of 

these reservoirs, Xinfengjiang and Oroville. No conclusive 

published evidence of active faults near the remaining nine 

reservoirs was available, although studies by Snow (personal 

communication) suggest that active faults are present at 

Koyna, Kremasta, and Kariba. Of these, Koyna and Kremasta 

were selected for field reconnaissance to confirm and collect 

additional data on the possible active faulting near these 

reservoirs. Kariba was not selected because of the logistical
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TABLE 4-1

RESERVOIR INDUCED SEISMIC EVENTS 

WITH MAXIMUM MAGNITUDE OF 5 OR GREATER

Packer & Others, 1977

Benmore

Eucumbene

Hoover (Lake Mead)

Xinfengjiang

Kariba

Koyna

Marathon

Oroville

Kremasta

Kastraki

San Luis

Coyote Valley

(Lake Mendocino)

Magnitude5

5.0

5.0

5.0

6.1

5.8

6.5

>5

5.7

6.3

6.3

5.0

(reservoir

Active 
Faulting13

probable

unknown

probable

yes

probable

probable

probable

yes

probable

probable

unknown

not

This Study

Magnitude

5.0

5.0

5.0

6.0

6.25

6.5

5.75

5.7

6.3

4.6

not RIS

5.3

Active 
Faulting

yesc

yesc

yesc

yes

probable
yesc

probable

yes
yesc

yesc

 

yes

included)

Accepted and questionable cases of RIS

Faults having displacement in the present tectonic stress regime 

c Field reconnaissance studies
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difficulties of conducting geologic reconnaissance in the 

Zambia and Zimbabwe-Rhodesia border area. No information was 

known about faulting around the remaining reservoirs, and 

several were selected for field reconnaissance.

Of these remaining reservoirs with maximum magnitude 

earthquakes of 5 or greater, Hoover, Benmore, and Eucumbene 

reservoirs were selected on the basis of geologic setting and 

amount of available information. Kastraki, and Talbingo and 

Blowering reservoirs were selected because they are 

geographically adjacent to Kremasta and Eucumbene reservoirs, 

respectively, and could be evaluated during studies at these 

reservoirs. The relative scope of field reconnaissance 

studies at these reservoirs was less than the scope for Koyna 

and Kremasta.

The objectives of these reconnaissance field studies were to 

evaluate if active faults are present within the influence of 

the reservoir and to collect additional data, as available, on 

the reservoir and on the geology, tectonics, and seismicity of 

the region. These studies were of limited scope and did not 

evaluate or attempt to locate all active faults near each 

reservoir. Data from these field studies and additional data 

from the data collection study (Section 2) resulted in changes 

in the assigned maximum magnitude of induced earthquakes at 

several of these reservoirs (Table 4-1). In addition, an RIS 

event of magnitude 5 or greater was recognized at one 

additional reservoir, the Coyote Valley reservoir.

The results of field reconnaissance evaluation studies of 

active faulting at the selected reservoirs are shown on 

Table 4-1. Of the 11 reservoirs recognized in this study to 
have maximum magnitude induced earthquakes greater than or 

equal to 5, 9 have evidence indicating active faulting near 

the reservoir, and 2 probably have active faults, although no 

conclusive evidence is available as yet.
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The results of these field reconnaissance studies suggest that 

active faults are present within the influence of all 

reservoirs that have .triggered earthquakes with magnitudes 

greater than or equal to 5, and that these reservoirs did not 

trigger surface displacement along inactive faults.
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4.2 KOYNA DAM REGION, INDIA

INTRODUCTION

Koyna Dam impounds the Koyna River, forming the 100 m deep 

Shivaji Sagar Lake. The dam and reservoir are located in 

western India on the Deccan Plateau within the Indian Shield 

(Figure 4-1). The shield is characterized by Precambrian 

schist and gneiss of the Dharwar System which is overlain by 

flat-lying, generally unfaulted sequences of basaltic lava 

flows known as the Deccan Trap (Committee of Experts, 1968). 

Few earthquakes have been reported in the area, and the 

occurrence of faulting within the Deccan Plateau is reported 

to be virtually nonexistent, as shown on Figure 4-2. However, 

major fault systems are believed to be present near the 

margins of the plateau; these systems include the Tapi-Namada 

fault zone, the Cambay Graben, and the Western Ghats 

(Committee of Experts, 1968) (Figure 4-2). In addition, at 

least one north-south trending fault has been identified at 

the dam site (Committee of Experts, 1968; Snow, 1973).

On 10 December 1967, approximately 5 years after reservoir 

impoundment, an earthquake of magnitude 6.5 occurred at the 

Shivaji Sagar Lake, as shown on Figure 4-3 (Guha and others, 

1970; Committee of Experts, 1968). A north-northeast, south- 

southwest trending 200-m-wide zone of cracks was reported to 

have occurred over a distance of approximately 3 km 

immediately east of the reservoir. Because of the spatial 

relationship of the event to the lake, numerous investigators 

have concluded that the occurrence of the earthquake was 

related to impoundment of the lake (Packer and others, 1977; 

Gupta and Rastogi, 1976; Rothe, 1969; Bozovic, 1974; Simpson, 

1976; Gupta and others, 1972; Guha and others, 1974, Snow, 

1973a,b). This earthquake is the largest reported reservoir
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induced event in the world and is the largest reported seismic 

event in western India.

A study was conducted to evaluate if active faults are present 

within the influence of the reservoir at Koyna Dam. For the 

purposes of this study, a fault is defined as active if it has 

had displacement during that area's present stress regime. 

Special attention was placed on locating geologic and linear 

features that potentially could be active faults, although no 

attempt was made to locate all potentially active faults.

Two visits to the region around Koyna Dam and Shivaji Sagar 

Lake were made on 14 to 16 January 1977, and 22 to 26 October 
1978. During the trips, limited ground reconnaissance and a 

brief aerial survey of the Koyna area were conducted, 

published and unpublished data were reviewed, and discussions 

with geologists and seismologists in Bombay, Calcutta, and 

Poona were arranged. Ground reconnaissance consisted of a 

general overview of the Koyna Hydroelectric Project and a 

specific look at the 7-km-long area where ground cracking had 

been reported to have occurred during the 10 December 1967 

earthquake. The aerial reconnaissance consisted of an 

overview of the stratigraphic and geologic structure of the 

region during low-sun-angle conditions.

REGIONAL GEOLOGIC SETTING

Koyna Dam and Shivaji Sagar Lake are located in the northern 

shield of the Peninsula of India, which is considered to be a 

seismically stable area. The peninsula is underlain by 

Precambrian metamorphic and igneous units that have been 

intensely folded along northwest-southeast axes and 

subsequently eroded, resulting in an irregular morphologic 

surface (Berg and others, 1969; Committee of Experts, 1968). 

The Deccan Trap is comprised of volcanic basalt flows of late
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Cretaceous to early Eocene age that unconformably overlie the 

folded Precambrian units in the west-central section of the 

peninsula (Figure 4-1).

In the interior of the peninsula, including the Koyna region, 

the volcanic units are exposed at the surface or are overlain 

by a 3-m- to 30-m-thick clayey layer of red laterite. The 

laterite contains bleached zones near the ground surface and 

in other deeper horizontal zones. These horizontal zones are 

marked by textural and tonal changes in the laterite and may 

be useful in detecting tectonic movement that could have 

occurred during the development of the laterite. The laterite 

is the youngest unit in the Koyna region, except where 

overlain by alluvium along river and creek beds.

The Deccan Plateau is an upland area underlain by up to 2135 m 

of the Deccan basalt flows. The basalt is approximately 

915-m-thick at Koyna (Berg and others, 1969), is nearly flat- 

lying, and generally displays columnar jointing. The plateau 

is bordered on the west, approximately 9 km west of the 

reservoir, by a prominent north-south trending escarpment. 

Along this escarpment, known as the Western Ghats, the plateau 

drops approximately 700 m westward to a lowland known as the 

Konkan (Snow, 1973b) (Figure 4-3).

The major structural features identified in the Koyna region 

include the Tapi-Namada fault zone, an unnamed offshore fault 

parallel to the west coast of India, the Panvel Flexure, the 

Cambay Graben, and the Western Ghats (Figure 4-2). These 

features are discussed in detail below. Seismic activity has 

been reported to have occurred on all of these features, 

except for the offshore fault.

The Tapi-Namada fault zone is a northeast-southwest trending 

structure marked by linear valleys, a graben with a
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right-lateral strike-slip displacement, and a prominent fold 

system. The fault zone, which is 500 km north of Koyna, is 

considered to be active, based on the degree of seismic 

activity (Guha, personal communication, 1978).

The unnamed offshore fault parallel to the Indian coast has 

been identified on the basis of geophysical data (Auden, 

1975). The type of fault movement has not been conclusively 

established. Investigators have described it as an east- 

dipping thrust fault (Guha and others, 1973) and as a normal 

fault within a graben complex (Auden, 1975). The feature is 

approximately 140 km west of Koyna and has displayed no 

significant seismic activity.

The Panvel Flexure, defined as a monoclinal downwarp of the 

Deccan Trap, occurs north of the town of Panvel and continues 

southward to within approximately 105 km of the dam (Auden, 

1969). Although the downwarp dips 5 degrees to the west, the 

existence of the feature is debated within the Indian 

geological community (Gupta, personal communication, 1978). 

IIo reported significant seismic activity has been associated 

with the feature; however, seismic activity along the west 

coast of India has occurred near the feature (Figures 4-2 and 

4-3).

The Cambay Graben is a north-south trending structural basin 

located approximately 470 km north of Koyna. Faults along the 

margins of the graben are reported to have Tertiary 

displacement of the Eocene units (Gambher, 1978). The graben 

was believed to be truncated at the mouth of the Gulf of 

Cambay by the Tapi-Namada fault zone; however, recent studies 

of geophysical data suggest that the graben may continue 

southward, parallel to the west coast of India and 

approximately 140 km west of Koyna (Auden, 1975) (Figure 4-2). 

This postulated southern extension of the graben has been
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active up to Plio-Pleistocene time (Auden, 1975); however, no 

significant seismic activity has been reported along the 

Cambay Graben and the postulated southern extension.

The Western Ghats f as described previously, is a prominent 

escarpment on the west border of the Deccan Plateau, along the 

west coast of India (Figure 4-2). The origin of the feature 

has been a matter of conjecture. It is generally thought to 

be the result of faulting (up to the east). Although no 

direct evidence of faulting has been obtained to date (Auden, 

1975), Kailasam (1975) postulates a deep seated fault along 

the northern section of the Ghats (and the Panvel Flexure), 

based on geophysical data. Seismic activity along the western 

margin of India has occurred near the escarpment (Figures 4-2 

and 4-3) although no causal mechanism has been shown.

REGIONAL SEISMIC ACTIVITY

The Peninsular Shield of India has generally been considered 

to be a region of relatively low seismic activity 

(Figure 4-3). Compilations of data on historic earthquakes by 

the Committee of Experts (1968) and Gubin (1969) show 50 

reported earthquakes (in addition to the two major events at 

Koyna in September and December 1967) occurring from 1600 to 

1968 on the shield (Figure 4-3).

Within a 250-km radius of the Koyna site, 22 earthquakes have 

been reported (Gubin, 1969). The majority of these 

earthquakes generally have been of low to moderate intensity; 

however, seven of the events have had reported or estimated 

magnitudes greater than 4 (Gubin, 1969). Of the seven events, 

two have had reported epicenters near Lohagad, approximately 

145 km north of Koyna. These two events occurred in 1752 and 

1832, and their magnitudes have been estimated at 6.3 and 

approximately 5, respectively (Gubin, 1969). Another event
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occurred in 1965 in the Arabian Sea, approximately 80 km 

southwest of Koyna, and had a magnitude of 5.5. Three of the 

seven events were along the Western Ghats (Figure 4-3) and 

occurred in 1967, 1968, and 1969 with reported magnitudes of 

4.7, 5.2, and 4.7, respectively. The closest of these events 

to Koyna, the 1968 event near the town of Pophali and the 1969 

Sangemeshar event, occurred within approximately 16 km and 

20 km of Koyna, respectively. One of the events occurred on 

the Deccan Plateau in 1764; its epicenter was approximately 

55 km north of Koyna, near Mahabaleshwar.

Although from a review of the historical seismicity, the Koyna 

region has been generally seismically quiescent, earthquakes 

of moderate size have occurred. Several of these events that 

occurred prior to reservoir impoundment were relatively close 

to the dam and reservoir, the largest of which was near 

Mahabaleshwar and had a maximum estimated magnitude of 5.5 

(Gubin, 1969) .

FAULT INVESTIGATION

Following the 10 December 1967 earthquake, a number of 

investigators reported observing ground cracks and other 

geologic phenomena associated with the earthquake (Joshi, 

1971; Committee of Experts, 1968). The phenomenon described 
included ground cracks and fissures, mole tracks, lurching of 

soft soil blocks, rock falls and slides, water level changes 

and a few minor cavings. The reported cracks and fissures 

were features of major interest because they represented 
possible surface rupture along an existing fault zone during 

the earthquake, although this hypothesized causal mechanism 

has not been completely accepted. The purpose of this study, 

therefore, was to investigate the ground cracking as a causal 

mechanism of surface rupture along an existing fault and to 

evaluate whether or not the fault was active prior to the 1967 

event, as described by Snow (1973b).
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Previous studies of the ground cracks resulting from the 

10 December 1967 earthquake produced the following data and 

information:

1) Ground cracks were observed for a distance from 

2.7 km (Committee of Experts, 1968) to 45 km (Snow, 

1973b) along a linear trend.

2) The linear trend of ground cracks had a regional 

orientation of N23°E (Snow, 1973b) and an en echelon 

pattern (Committee of Experts, 1968).

3) The linear trend of ground cracks formed a zone 

approximately 200 m wide (Committee of Experts, 

1968).

4) Individual ground cracks had generally north-south 

orientations of N10°E to N25°E (Committee of 

Experts, 1968).

5) Individual ground cracks were 10 m to 60 m long and 

varied in width from 2.5 cm to 40 cm.

6) Horizontal displacement along the zone of ground 

cracks was 5 cm to 10 cm (Committee of Experts, 
1968). The sense of displacement is not described 

but can be inferred to be left-lateral, based on the 

en echelon pattern described by the Committee.

7) Locally vertical displacement of 10 to 25 cm up to 

the east was observed (Committee of Experts, 1968).

8) "A fine hair crack" was observed in a basalt outcrop 

near Kadoli (Committee of Experts, 1968).
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9) Small ground cracks trending N20°E to N20°W were 

observed near Rundhiv. These cracks occurred over 

an approximately 50-m distance and had depths of 

less than 1.8 m (Committee of Experts, 1969).

10) Curved ground cracks, possibly related to slope 

failures, were observed near the villages of 

Humbarne, Panumbre, Nayari, Runhiv, and Nivle. 

These cracks had a general east-west trend and were 

2 cm to 8 cm wide and 1 m to 1.5 m deep.

11) The zone of ground cracks (except for the curved 

cracks) was located within the meizoseismal zone 

(Committee of Experts, 1968).

12) Most of the ground cracks were in the surficial 

lateritic soils (Snow, 1973b).

13) A man-made stone retaining wall was observed to have
/

30 cm of sinistral displacement within the zone of 

ground cracks (Snow, 1973b).

From the two visits to the Koyna region for the present study, 

the following observations were made on the ground cracking 

resulting from the 10 December 1967 earthquake.

January 1977 Study

During the January 1977 visit, evidence for ground cracking 

was investigated north of the Koyna River at a reported 

location approximately 8 km (by road) southeast of the Koyna 

Dam (Figure 4-4). Actual straight line distance between the 

reported line of cracks and the Koyna Dam is approximately 

3.5 km to 4 km. At this location, cracks were reported to 

have crossed the road ("48 km to Karad" marker at 8 km south
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of the village of Donechiwadi), which is cut into basalt rock 

on the north side and built on fill on the south side. The 

location of the cracks were reported by the local inhabitants 

to extend northeast of the road through the village of 

Donechiwadi (Figure 4-4).

Geologic reconnaissance in the Donechiwadi area included a 

climb to the top of the hill north of the village where a pit 

had been excavated by the Geological Society of India 

(Figure 4-4). The pit was still open, but the walls had been 

affected by sloughing and erosion, thus making it difficult to 

observe any geologic features. From the area in which the pit 

was excavated, cracks were reported by the inhabitants of 

Donechiwadi to have extended to the southwest. A 3-m-deep 

erosion gully was observed from near the top of the hill to 

extend down the slope to the break-in-slope at the bottom of 

the hill (Figure 4-4). The gully may be the feature described 

by Snow (1973b) as evidence that surface faulting occurred 

before the 1967 earthquake.

Southwest of the hill are paddy fields that have been leveled 

and terraced for agricultural purposes. On the south side of 

each field are stone retaining walls to maintain level ground 

conditions. From a review of the location and nature of 

broken and repaired stone walls, in at least one zone, a 

systematic pattern of breaks had existed in the wall. In 

response to questions regarding the breaks, the farmers 

described a zone of cracking 3 m to 5 m wide; the pattern that 

they drew on the ground to represent the orientation of the 

cracks was right-stepping en echelon. At the location where 

the cracks intersected the stone retaining wall, the wall is 

displaced left-laterally, approximately 30 cm (Figure 4-5).

The farmers explained that, prior to their repairs, the break 

(offset) in the wall extended over a zone of approximately
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3 m. Because of their repairs, the offset now appeared to be 

localized. The farmers were asked to show exactly where the 

ground cracks extended across the fields and if there were 

other similarly damaged retaining walls. In walking through 

the fields and tracing where the zone of ground cracks 

occurred, the zone was observed to intersect one rock 

retaining wall after another along a linear trend. The 

farmers' description of the crack pattern was consistently 

right-stepping en echelon. At almost every broken retaining 

wall the repaired walls showed 30 to 45 cm of left-slip 

displacement. Some variation in the amount of left-lateral 

offset appeared from wall to wall; however, such variation may 

have been more the result of the repairs rather than how much 

the wall had been displaced.

All of the retaining wall breaks along a linear trend also 

followed a general, yet somewhat subtle, topographic trend. 

This clearly suggests geomorphic evidence of a fault. At one 

locality, a small fracture branched from the main ground crack 

zone and had about 7 cm of vertical separation of the ground 

surface. That this crack would still be preserved after nine 

years was of interest; however, its existence could not be 

related to any other cause than the ground cracking.

Near the base of the steep hill north of Donechiwadi is a 

shallow gully following the general trend of the reported 

ground cracks. The local farmers were asked if this feature 

was the result of erosion along the zone of cracks resulting 

from the 10 December 1967 earthquake or whether it existed 

before the earthquake. The farmers answered that the erosion 

feature was in existence prior to the earthquake. The 

reported zone of cracks seemed to be parallel to and to follow 

the general trend of the topographic feature for some 

distance. Some erosion along the new zone of cracks had 

occurred since 1967 and, from a distance, at least three and
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possibly four somewhat parallel shallow zones of erosion could 
be observed.

The farmers described three or four zones of cracks that 
extended almost vertically up the side of the hill north of 
Donechiwadi. They said that the side of the hill had been 

extensively shattered along these zones. All the zones are 

slightly west of the 3-m-deep erosion gully that was 
previously noted by the field party.

A distinct topographic feature, approximately 2 m high and 
down on the east, trends diagonally up the hill east of and 

near the erosion gully (Figure 4-4). The change in elevation 
occurs across a scarp approximately 6 m wide. The topographic 

feature could be explained by differential erosion along a 

contact of left-slip along a fault. There is also a distinct 

vegetational change across this feature. At the base of the 
hill and in direct alignment with the apparent scarp is 

another retaining wall that shows evidence of approximately 

1 m of left-slip. The farmers were asked how old the rock 

walls were, and they answered, "The walls have always been 
here." (This particular wall had been there for at least five 
generations.)

In projecting the strike of an assumed fault across the fields 
at this location, several old walls were in a poor state of 

repair and seemed to terminate in line with the assumed fault. 
All of these apparently terminated walls are consistent with 

the concept of left-lateral slip along the assumed fault.

The reported zone of ground cracks examined across the fields 

was about 2 km long. All broken walls consistently showed 

evidence of left-slip where the walls had been broken and were 
displaced. The amount of left-slip displacement varied from a 

few centimeters to as much as 1 m, although it was difficult
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to determine how much of the actual offset was due to repair 
of the wall. The trend of the reported ground cracks across 

the broken walls was N22°E.

The local farmers had indicated that the zone of ground cracks 
had crossed the highway pavement at the main road and near the 

Koyna River. Except for pavement repair over a distance of 

about 6 m, no other clear evidence for cracking appears at 

this location. This location is at a road marker indicating 
48 km to Karad, Highway #47. The farmers from Donechiwadi 
said the villagers across the Koyna River to the south also 

reported a similar zone of ground cracks, although the farmers 

had not personally seen the cracks.

October 1978 Study

The field study in October 1978 involved four days in the 
region around Shivaji Sagar Lake and Koyna Dam, one day of 

aerial reconnaissance, and four days of conferring with 

geologists and seismologists.

Donechiwadi - The zone of ground cracking was located in the 
village of Donechiwadi, approximately 3.5 to 4 km southeast of 
Koyna Dam (Figure 4-4). The ground cracks in Donechiwadi have 
been described previously by Sinha and Menon (1971), Snow 
(1973b) and Cluff (1977), among others. Discussions with 

village leaders permitted relatively accurate location of the 

zone of ground cracks within the village of Donechiwadi and 

northward toward the low hill (Figure 4-4). The Indian 
Geological Survey (GSI) had excavated a test pit on the west 

side of the low hill; no excavations were made on the east 

side of the same hill. This test pit was briefly examined. 
As described in the January 1977 study (Cluff, 1977), this pit 
is overgrown and partially filled with collapsed material. No 
ground cracks or remnants were observed on this side of the 

hill.
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Two dominant trends of fracture zones were observed in the 
Donechiwadi area. Based on information from the local 

inhabitants and from studies of locations of offset retaining 
walls and photographs (taken by Gupta and Rastogi, 1976) of 
cracks crossing the roads, the trends are N10°E for the 
western zone and N35°E for the eastern zone. Other less 

evident or shorter crack and fissure zones may have existed: 
some reports state that ground cracks were observed throughout 

the hills near Donechiwadi (Phadke, 1968).

The eastern (N35°E) trend of ground cracks (on the east side 
of the hill north of Donechiwadi) was examined in detail, and 

individual ground cracks can still be observed within the zone 
(Figure 4-4). The most prominent of these is now a saddle- 

like depression trending N35?E on the east hillside. The 
crack is now 1.3 m wide and 0.5 m deep. (The local farmers 

report that the feature originally was at least 15 m deep and 
since has been filled.) Weathered basalt and soil (clay) 

filling are present on either side of the crack that has clay 

filling, as shown in Figure 4-6. The length of the crack now 
is observed to be 2 m.

Several additional ground cracks were observed approximately 
south-southeast of the prominent zone of ground cracks 
described above. These additional cracks are observed to 
trend oblique to the slope of the hillside. They are 
approximately 1 to 2 m long and approximately 15 to 30 cm 

deep. Gullying has occurred, but the orientation oblique to 
the slope (in addition to the villagers' identification of the 
location of the zone of ground cracking) gives a high degree 
of confidence to the identification of ground cracks.

The total length of the ground cracks observed is 
approximately 30 m, and their width is approximately 0.5 m 
along an approximate N35°E trend. In response to questioning,
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the villagers replied that they found no additional ground 

cracks in the fields below this side of the hill, adjacent to 

and east of Donechiwadi.

North of the village of Donechiwadi and the low hill is a 

prominent bluff of the Deccan basalt that rises 100 to 200 m 

above the plain on which Donechiwadi is located (Figure 4-4). 

Based on observations of topographic and stratigraphic 

relationships in this bluff, a notch, whose east side is 

topographically higher than its west side, may be in the area 

where the zone of ground cracks is projected to cross the 

scarp^(Figure 4-7). In addition, the stratigraphy on either 

side of the projected zone of ground cracks could not be 

correlated across the zone. These data strongly suggest that 

the zone of ground cracks occurs along an existing fault.

Within the village of Donechiwadi, the natives described a 

zone of ground cracks approximately 10 to 15 m wide along the 

west side of the village proper. The main well was reported 

to have ceased flowing after the earthquake of 1967; water 

depth at the time of the earthquake was at approximately 70 m 

in the well. A subsequent boring adjacent to the old well did 

not encounter water. Because of farming, the ground cracks 

have long since been cultivated out of existence. However, in 

the southwest part of the village, the ground cracks, as 

reported by the natives, passed between a large tree and the 

corner of a house, thus allowing relatively accurate location 

of the zone of ground cracking.

Projecting the trend of ground cracks toward the southwest and 

the Koyna River, the retaining walls, constructed to terrace 

the land sloping down toward the Koyna River, were examined 

closely for evidence of displacement, and the villagers were 

questioned regarding the repairing of the walls. No distinct 

offsets of the walls were noted along this trend of the ground
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cracks at the location indicated by the natives. Analysis of 

data showed the natives had pointed out a trend of ground 

cracking to the west of the zone noted in 1977. The two zones 

of cracking observed high on the hillside north of Donechiwadi 

correspond to the two separate trends of ground cracking 

pointed out by the natives as passing east of Donechiwadi and 

passing through Donechiwadi.

Approximately 500 m south of the village of Donechiwadi, the 

reported remaining surficial expression of a ground crack was 

exposed. This feature is oriented normal to the slope of the 

low hill at the site and is 3 to 4 m long, 30 cm wide, and 

15 cm deep. The villagers stated that the feature was a 

ground crack related to the earthquake along which erosion 

subsequently has occurred. The orientation of the feature 

relative to the slope direction does not preclude the feature 

being an erosional gully. Examination of the feature did not 

resolve the nature of its origin.

Ground cracking along the road between Koyna and Karad, 

immediately adjacent to the "48 km to Karad" road marker 

(Figure 4-4), has been reported previously (Committee of 

Experts, 1968). Approximately 100 m east of the road marker 

and the zone of ground cracking is an outcrop on the north 

side of the road [see also Cluff (1977) description of the 

location]. Stories conflicted regarding the location of the 

zone of ground cracking relative to this outcrop. Initially 

the zone was shown to cross the road at the east end of the 

outcrop. Subsequently, the zone is shown to cross at the west 

end of the outcrop, on the west facing slope of the outcrop 

and the adjacent gully. On the basis of this investigation, 

the second location is judged to be the more accurate because 

many, if not all, of the villagers present tended to overrule 

the eastern location, although the eastern location may 

represent the easternmost zone of the two trends of ground 

cracking.
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The outcrop was examined in detail and consisted of 

prominently jointed basalt. No evidence of fault displacement 

was observed. The predominant joint orientation was N15°W to 

N20°W and had generally a steep northeast dip. Joints were 

observed to be generally tight and devoid of infilled or 

secondary material. In addition, no fault gouge, 

slickensides, or shear zones were observed to be present. The 

surficial soil units were thin to nonexistent. Erosion 

appears to be stripping away any soil cover that has 

developed.

Whether the origin of the western zone of ground cracking in 

the vicinity of Donechiwadi was from differential settlement, 

slumping, or fault displacement could not be readily 

determined from this examination. To assess if the ground 

cracks were of tectonic origin, a location would have to be 

selected for examining the zone for evidence of active 

faulting; finding such a location in a short period of time in 

the area around Donechiwadi was considered unlikely. 

Consequently, the zone of ground cracking (reported by the 

Committee of Experts, 1968) was examined for such evidence on 

the south side of the Koyna River near the village of Kadoli.

Kadoli - The villagers indicated the location of the zone of 

ground cracks in the vicinity of Kadoli (Figure 4-4, south of 

the Koyna River). This location appears to contradict 

Plate 5-1 in the report of the Committee of Experts (1968), 

unless the arrow (on the plate) showing the direction to 

Kadoli is reversed 180 degrees. The villagers were very 

emphatic in locating the ground cracks at the location shown 

on Figure 4-4, and the described zone was oriented N30°E. 

South of the Rain Temple, the ground cracks were observed to 

have continued for approximately 500 m to the crest of the 

hills south of the temple. The villagers did not know if the 

ground cracks continued south of the hill crest because no
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villager had gone to the other side of the hill to look for 

them. The zone was reported to have been 10 m wide and to 

have consisted of a nearly continuous central crack flanked on 

either side by one to three additional cracks. When requested 

to draw what was observed, the villagers drew a configuration 

with no apparent en echelon stepping of the cracks. The main 

crack was reported to have been 10 cm wide and 70 to 100 cm 

deep. The flanking fractures were 2 to 5 cm wide, 

70 to 100 cm deep, and 2 to 3 m long.

Between the Rain Temple and the Koyna River, the zone of 

ground cracks crossed two stream drainages. The southern-most 

drainage and the Koyna River bank both were examined for 

evidence of faulting, but none was observed. In the northern 

drainage, however, a fault was observed within or adjacent to 

the reported zone of ground cracking (Figure 4-6). The fault 

was located in the northeast bank of a small stream drainage 

south of the Koyna River (Figure 4-8). Its orientation was 

N35°E and nearly vertical. Close inspection of the fault 

showed two distinct near-vertical shears in weathered basalt. 

The upper shear has a strike of N48°E and dips 79°NW. The 

lower shear strikes N35°E and dips 83°N. Both shear zones 

contain zones of clay up to 8 cm thick. The surface of the 

margin of the clay zone and other planes within the clay are 

polished. Slickensides were observed on some planes and on 

the edge of a small cobble adjacent to and in contact with the 

clay zone. A polished pebble was found in the clay zone with 

the long direction of the pebble oriented parallel to the 

grooves in the slickensided clay planes (Figure 4-9). Well- 

defined manganese-stained slickensided planes were measured to 

have a strike of 35°E and a rake of 31°SW. The clay-filled 

zone was traceable for 1.6 m from the base of the stream bank 

upward through weathered basalt to near the ground surface 

where slumped reddish brown soil (pebbly colluvium) obscured 

the structure, as shown in Figures 4-8 and 4-9.
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Based on observations of this exposure, a bedrock fault is 

demonstrated to be present at a location adjacent to or within 

the reported zone of cracking and fissuring that accompanied . 

the December 1967 earthquake. The clay-filled seam has the 

same strike (N35°E) as the regional trend of the surficial 

ground crack zone. The low angle (31°SW) measured on the rake 

of the slickensides is consistent with other reports of 

strike-slip, left-lateral displacement occurring during the 

December 1967 earthquake (Committee of Experts, 1968). The 

rake of the slickensides also is consistent with the reported 

uplift of the ground by as much as 25 cm (Committee of 

Experts, 1968). Thus, the left-lateral displacement along a 

rake of 31°SW would result in the east side of the fault zone 

being uplifted.

The age of the weathered basalt at this location was not 

determined during this study. The observed thickness of the 

basalt was 1.6 m, and it was overlain by sediments that are 

probably very young (deposited within the last few years) and 

that were not measureably displaced by the fault. Thus, based 

on presently available data, displacement along this fault in 

this segment of the ground crack zone prior to the 1967 event 

can not be evaluated.

North of the bedrock fault exposed in the drainage near the 

Koyna River and within the zone of reported ground cracking, a 

retaining wall was observed to have incurred left-lateral 

displacement of approximately 45 cm (Figure 4-4). The time of 

displacement of this wall could not be determined from the 

local farmers; consequently, whether the observed displacement 

took place during the 1967 event or whether some of the 

displacement occurred prior to the 1967 event still is not 

known.
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Aerial Reconnaissance - An aerial reconnaissance was made of 

the region between Bombay and Koyna. Reduced visibility in 

Bombay delayed the scheduled early morning (low-sun-angle) 

overflight; as a result, the reconnaissance was a mid-morning 

view of the Shivaji Sagar Lake region.

The ground crack zone was observed to continue as a linear 

feature north of the village of Donechiwadi to the crest of 

the ridge between Donechiwadi and the eastern arm of the 

reservoir (north of Koyna Dam) (Figure 4-7). The linear 

feature was not observed to continue northward into the arm of 

the reservoir. However, the feature was observed to trend to 

within approximately 2 km of the reservoir, which is within 

the hydrologic regime of the reservoir.

South of the village of Kadoli, the linear feature associated 

with the zone of ground cracking was observed to continue for 

2 km south of the village. Therefore, the fault zone 

associated with the zone of ground cracking is inferred to be 

8 km long, based on the ground observations and the aerial 

reconnaissance.

CONCLUSIONS

1) Surface faulting occurred during the 10 December 1967 

earthquake, the epicenter of which was located within 

several kilometers of the Koyna Dam. Surface faulting 

occurred about 3.5 to 4 km southeast of the dam and 

extended for a length of at least 7 to 8 km from north of 

Donechiwadi, across the Koyna River, to south of Kadoli.

2) Measurements made at an exposure of weathered bedrock in 

a stream bank near Kadoli show a northeast-trending fault 

dipping slightly to the west. Measurements made on the 

polished slickensided surfaces in the clay gouge within
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the fault zone show a rake angle of 31°SW, indicating the 

occurrence of strike-slip movement (sinistral) with a 

normal component (west side down).

3) The general projection of the fault exposed in the stream 

bank was identifiable during aerial reconnaissance as a 

lineament defined by tonal contrasts and aligned with 

geomorphic features including stream courses, springs, 

topographic benches, and an apparent interruption in the 

bedding of the Deccan Trap.

4) The fault location in the stream bank and the location of 

geomorphic features characteristic of recent faulting are 

in alignment with ground cracks and fissures that 

originated during the 1967 earthquake, as pointed out in 

the field by several independent groups of local 

residents from Donechiwadi and Kadoli.

5) The fault location in the stream bank is also coincident 

with locations of ground cracks and fissures south of the 

Koyna River, mapped by the Geologic Society of India soon 

after the occurrence of the 1967 earthquake.

6) The conclusion that surface faulting occurred along a 

west-dipping, northeast-trending, high-angle fault as a 

result of the 10 December 1967 earthquake is generally 

compatible with reported seismic data, such as epicenter 

locations and fault plane solutions.

7) Offset retaining walls along the zone of ground cracking 

and the reported repeated offsets during historical time 

indicate that the ground cracking occurred along an 

active fault that has had displacement in historical 

time.
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4.3 KREMASTRA/KASTRAKI DAM REGION, GREECE

INTRODUCTION

Kremasta Dam, in southwestern Greece, impounds the Acheloos 

River, forming Lake Kremasta, which is approximately 120 m 

deep (Figure 4-10). Approximately 20 km downriver from 

Kremasta Dam, is Kastraki Dam, which impounds Lake Kastraki. 

This lake is approximately 86 m deep and is backed up to 

Kremasta Dam. Because these two lakes essentially form a 

continuous reservoir from Kastraki Dam to the north end of 

Lake Kremasta, they are treated as a single hydrologic entity 

in this study and will be referred to as the Kremasta 

reservoir.

Prior to reservoir impoundment, the region in which the lake 

is located experienced historical earthquakes, as shown on 

Figure 4-11. However, this seismic activity was less than 

that of other nearby areas in Greece, and none of the 

historical earthquakes was reported to have occurred in the 

Kremasta Dam and reservoir area (Galanopoulos, 1967; Gupta and 

Rastogi, 1976). Subsequent to impoundment of the reservoir on 

21 July 1965, seismic activity commenced and was clustered 

within approximately 25 km of the reservoir. This activity 

appeared to be occurring along existing fault zones at focal 

depths ranging from less than 2 to 20 km (Comninakis and 

others, 1968). The largest of these events (magnitude 6.3) 

occurred on 5 February 1966, 25 km from the lake, as the lake 

approached maximum depth for the first time after impoundment 

(Comninakis and others, 1968) (Figures 4-11 and 4-12).
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The temporal and spatial relationship between reservoir 

impoundment and the seismic activity suggests that seismicity 
was triggered by impoundment of the reservoir. The magnitude 
6.3 event is one of the largest events associated with 

impoundment of a reservoir (Packer and others, 1977; Simpson, 

1976; Gupta and Rastogi, 1976). The Kremasta reservoir area 

was selected for field study because of this close relation of 
the seismic activity to reservoir impoundment and because of 
the size of the largest event. The purpose of the study was 
to evaluate if active faults are present within the influence 
of the reservoir. The scope of these studies was limited and 
did not attempt to locate all possible active faults. For the 

purpose of this study, an active fault is a fault that has had 
displacement in the present tectonic stress regime.

Geologic reconnaissance of the Kremasta reservoir area was 
made from 1 to 9 November 1978, aerial reconnaissance of the 

region was conducted on 8 November 1978. Discussions with 

geologists and seismologists familiar with the Kremasta 
reservoir area were held in Greece and Europe.

REGIONAL GEOLOGIC SETTING

The plate tectonics setting in which the Kremasta reservoir 

area is located is one of the most complicated plate tectonic 
environments known to exist. According to prevailing plate 
tectonics theory, the African Plate is moving northward 
relative to the European Plate, generally resulting in 
horizontal compression in a north-south direction within the 
Mediterranean Sea and the Alpine area (McKenzie, 1972). To 

explain the complex tectonic relationships within the 
Mediterranean region, several authors have proposed the 

existence and influence of a series of small plates, subplates 
and scholles (McKenzie, 1972; Dewey and Sengor, 1979). The 
Kremasta reservoir area is located near the southern margin of
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a small plate identified by Dewey and Sengor (1979) as the 

Macedonian Plate (Figure 4-13). The boundaries of the plate 

are somewhat obscure in the Kremasta reservoir area, but the 

general plate movement is believed to be toward the southwest 

and results in right-lateral shearing occurring off the west 

coast of Greece (Drakopoulos, personal communication, 1979). 

In addition, the east-west to northeast-southwest (right- 

lateral) trend may extend into the Kremasta reservoir area in 

the Gulf of Korinthiakos.

Within this plate tectonic framework, the Kremasta reservoir 

is located in the Gavrovo Zone, a north-trending thrust zone 

that is bordered on the west by the Ionian Zone and on the 

east by the Pindus Zone (Figure 4-10) (Aubouin, 1959). The 

Gavrovo, Ionian, and Pindus zones are characterized by west 

ward thrusting and folding upon which are superimposed 

generally north-trending thrust faults and east-northeast 

trending wrench faults (Gupta and Rastogi, 1976; Snow, 1971; 

British Petroleum Company, Ltd., 1971). The three zones are 

separated by generally north-trending, east-dipping thrust 

fault zones. The thrust fault zones developed during the 

Pindic orogeny in Miocene time as did the folding (Snow, 

1971). The wrench fault zones, including the Alevrada- 

Smardacha fault, cut across and post-date the Miocene age 

structural features. The age of these fault zones has not 

been determined, although the results of this study suggest 

that they may have experienced very recent displacement, as 

discussed below.

Kremasta Lake is crossed by numerous faults. The major faults 

that have been previously mapped in the dam and reservoir area 

include the north-trending, east-dipping Pindus thrust fault 

and the northeast-trending, right lateral Alevrada-Smardacha 

fault (Figures 4-10 and 4-14).
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The Kremasta region is underlain by eastward-dipping 

sedimentary strata. At depth are Cretaceous limestone units 

which have extensive karstification and are overlain by Eocene 

limestone. Uplift during early Miocene time resulted in 

extensive flysch deposits of mudstone and siltstone, sandstone 

and local conglomerate. The Ionian, Gavrovo, and Pindus zones 

have north to north-northwest trending belts of strata 

(Aubouin, 1959) that exhibit similar facies along their length 

but differ from the facies in adjacent zones (Aubouin, 1957; 

British Petroleum Company, Ltd., 1971). The boundaries 

between these zones are fault zones, as described previously; 

however, the faults are believed to be superimposed on sedi- 

mentological breaks or boundaries (British Petroleum Company, 

Ltd., 1971) (Figure 4-10).

Within the Ionian zone, rock units include Triassic 

evaporites, Jurassic limestone, chert, some shale, and 

upper Eocene limestone. Unconformably overlying these 

units are the Miocene flysch deposits, which are 

relatively thick in the east and become thinner and 

more calcareous in the west. Locally, marl and 

conglomerate are present in the western part of the 

zone. Overlying the Miocene deposits are Pliocene 

alluvial and lacustrine deposits and Pleistocene 

alluvial and beach deposits of silt, sand, and gravel 

(British Petroleum Company, Ltd., 1971).

The Gavrovo zone contains Upper Cretaceous limestone 

unconformably overlain by Eocene limestone and Miocene 

flysch. The lowermost units, generally limited to the 

eastern section of the zone, are in the form of 

inliers in the flysch deposits. Most of the Gavrovo 

zone is composed of thick Miocene deposits of 

arenaceous flysch. Overlying the Miocene units are 

Pliocene and Pleistocene alluvial and lacustrine 
deposits (British Petroleum Company, Ltd., 1971).
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The Pindus zone is composed of Jurassic and Cretaceous 

siliceous limestone, shale, and radiolarite. 

Unconformably overlying these units are Upper 

Cretaceous and post-Mesozoic flysch deposits (Snow, 

1971). Ophiolites, shale, and radiolarian chert were 

observed during this study to occur locally in the 

zone.

SEISMOLOGIC SETTING

Prior to reservoir impoundment, the Kremasta region had 

experienced historical earthquakes. However, the activity was 

less than that of other nearby areas in Greece, and none of the 

historical earthquakes were reported to have occurred in the dam 

and reservoir area (Galanopoulos, 1967; Gupta and Rastogi, 1976; 

Comninakis and others, 1968) (Figure 4-11). Data presented by 

Galanopoulos (1967) indicate seismic activity in the Lake 

Trichonis area and northwest and northeast of the reservoir 

area. Moreover, an event of magnitude less than 4.4 was 

recorded in the vicinity of the Kremasta area prior to 

impoundment. According to Snow (1971), Galanopoulos reported 

only two earthquakes in the Acheloos River area for the 265-year 

period prior to reservoir impoundment. Gupta and others (1972a) 

report no seismic activity within 40 km of the dam prior to 

impoundment of the reservoir.

Impoundment of Kremasta Lake began on 21 July 1965. Shocks were 

felt in the vicinity of the lake in August 1965 and became 

swarms of earthquakes in December 1965 and January 1966 

(Figures 4-11 and 4-12). From 1 January 1966 to 4 Feburary 1966, 

81 earthquakes occurred within approximately 96 km of the 

reservoir (Snow, 1971).
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From 15 January to 20 January, 1966, 6 to 8 earthquakes were 

recorded each 24 hours, and engineers working at Kremasta Dam 

reported feeling sudden shocks. Engineer Stathmu reported the 

following events (Galanopoulos, 1967a):

16 January 1966

18 January 1966

19 January 1966

4:15 am

10:04 pm

5:39 am

4:50 am
9:15 am
4:35 pm

Strong vibrations 
(estimated M = 4 or 5) 
Strong vibration

Strong vibration

Strong vibration 
Weaker vibration 
Weaker vibration

Five of these events were recorded at the seismograph station on 

Kephallenia Island, 115 km west of Kremasta. Two of the events 

were recorded at the cental seismograph stations in Athens, 

220 km to the southeast.

On 5 February 1966, a magnitude 6.3 earthquake occurred near the 

north shore of Lake Kremasta, 25 km north of Kremasta Dam, 

epicenter coordinates at 39°N, 21.6°E (Simpson, 1976; Comninakis 

and others, 1968). Aftershocks were recorded through the 

remainder of 1966. Comninakis and others (1968) reported that 

740 foreshocks and 2589 aftershocks, between magnitudes 2.0 and 

5.6, were recorded by the Seismological Institute of the 

National Observatory of Athens Network. Calculated focal depths 

are 24 km, 23 km, and as shallow as 20 km (Comninakis and 

others, 1968).

Two fault plane solutions for the main event are reported in the 

literature. In the Bulletin of the International Seismological 

Center, the ^calculation of first-motion data indicates that 

plane a is oriented N72°E, 62°NW and has a slip angle of 

60 degrees. Plane b is oriented N58°W, 40°SW and has a slip 

angle of 48 degrees. The plane b direction is oriented parallel 

to the trend of one of two faults traced by Galanopoulos (1967b)
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and is accepted by Gupta and others (1972b) as the fault plane. 

Movement on the plane is accepted to be normal sinistral, and 

the dip component of motion is at a 48-degree angle.

The second solution for the main event is based on P wave data 

recordings from 80 stations (Comninakis and others, 1968). By 

combining the solution with the distribution of foreshocks and 

aftershocks, Comninakis and others (1968) have identified a 

fault plane with an orientation of N66°W and a dip of 

76 degrees. Displacement is explained as reverse (a vertical 

thrust fault) with a sinistral component.

FAULT INVESTIGATION

Three major structural features in the Kremasta area were 

identified during the ground and aerial reconnaissance for this 

study. They are the Pindus thrust fault, the Alevrada-Smardacha 

fault, and an unnamed northwest-trending, high-angle fault 

(referred to here as the Triklinos fault) not previously 

reported in the literature (Figures 4-10 and 4-14). All three 

faults are of regional nature and pass through Lake Kremasta. 

They are all marked by prominent linear topographic features. 

Although many other bedrock faults were observed in the area 

around the reservoir, these three faults were the most prominent 

and were in the proximity of the epicenter of the 5 February 

1966 earthquake. In addition, a northeast-trending, high-angle 

fault with circumstantial evidence of recent displacement near 

the lake (referred to here as the Paleophoria fault) was studied 

in some detail because of its prominence, possible recent 

displacement, and proximity to the reservoir (Figure 4-10). The 

results of the observations made along these faults during this 

study are presented below.
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Pindus Thrust Fault

The Pindus thrust fault is a Miocene age fault along which 

Triassic, Jurassic, and Cretaceous age chert and limestone units 

were thrust to the west, overriding Miocene age flysch deposits. 

The fault is located in the eastern section of the Lake Kremasta 

area and crosses the Megdhoyas and Agraphiatis arms of the lake 

(Figure 4-14). The fault generally was inaccessible during this 

reconnaissance study except at the location where it crosses the 

road to the village of Frangista (Location A, Figure 4-14). In 
this region, however, the Pindus thrust is. cut off on the east 

side of the road to Frangista by high angle faults and was 

observed only on the west side of the road near a small village 

called Paleophoria (Location B, Figure 4-14).

Based on observations during ground and aerial reconnaissance, 

the leading edge of the thrust sheet appears to correspond to a 

prominent topographic scarp where light gray limestone of the 

Pindus zone lies above the dark gray siltstone flysch deposits 

of the Gavrovo zone (Figure 4-15). This contact, although 

visible from a distance, generally was inaccessible during the 

reconnaissance study. From short traverses on foot along 
ravines eroded into the scarp, the scarp was observed to be 

covered with landslide debris and large blocks of limestone. 

Springs are also present along the base of the scarp. From this 

review of a short segment of the Pindus thrust fault zone, no 

evidence of recent displacement was observed.

Paleophoria Fault

High-angle faulting was observed on the east side of the road to 

Frangista, approximately 4 km north of the bridge crossing the 

Megdhoyas arm of the reservoir (Location C, Figure 4-14). The 

fault can be observed in a vertical exposure of approximately 

500 to 700 m in the hillside above the stream draining from
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Frangista to the lake (Figure 4-16). The amount of displacement 

could not be determined but appears to be large (at least 10 to 

90 m). The fault is oriented N25°E, 80°NW to approximately 

60°SE, its southeast side downthrown relative to its northwest 

side (Figure 4-16).

The fault is within the flysch deposits and separates reddish- 

brown siltstone on the southeast wall from grayish-white 

sandstone on the northwest wall. This gouge zone is 40 to 50 cm 

wide and contains slickensides which dip 25 degrees to the 

southwest. Because of the down-dragged bedding and the 

orientation of the slickensides, the fault may be normal, its 

lateral displacement resulting from a more recent reverse. The 

soil horizons above the fault zone generally were inaccessible; 

however, a topographic scarp (up on the northwest side) was 

observed above the fault zone. The orientation of the 

slickensides within the upper section of the fault zone suggests 

that a reverse, dextral displacement has occurred, post-dating 

the period of normal faulting. The orientation of the fault 

(cross-cutting Miocene regional trends) suggests that the 

original normal faulting occurred in post-middle Miocene time. 

Thus, although no direct evidence for recent displacement was 

observed; circumstantial evidence suggests that relatively 

recent displacement may have occurred.

Alevrada-Smardacha Fault

The northeast-trending Alevrada-Smardacha fault zone has been 

mapped along a distance of 28 km (British Petroleum Company, 

1971) and is several hundred meters wide. The fault is shown to 

offset dextrally north- to northwest-trending, broadly folded 

structures in the lower Miocene flysch deposits in the Gavrovo 

zone. The Alevrada-Smardacha fault is easily identified near 

the village of Alevrada by a high linear cliff of white to gray 

massive Cretaceous and Eocene limestone on the northwest side of
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the fault zone. On the southeast side of the fault zone are 

lower Miocene flysch deposits, which, in places, are cut through 
by the fault. From the air, the fault is identified by a series . 

of parallel linear elements. At some locations, the fault is at 

the contact of the flysch with limestone, and at other 

locations, it is within the flysch (Figure 4-17).

During ground reconnaissance, four locations were found where 

rock was exposed on either side of the fault. The exposures 

were observed at various intervals for over 8 km of the fault's 

length (Figure 4-17). The first site was about 1 km southwest 

of the village of Alevrada in a road cut located north of the 

road from Petrona to Alevrada (Location A, Figure 4-17). At 

this location, the main fault zone is within the flysch deposits 

in which siltstone on the south is brought into fault contact 

with fine-grained sandstone on the north. The fault contains a 

90-cm-wide disturbed zone of clay gouge at both the outer 

contact with bedrock and the breccia in the central portion 

(Figure 4-18). The fault zone is oriented N40°E and is steeply 

dipping 80°NW to 83°SE. The south side of the fault has moved 

down with respect to the north side. This interpretation is 

based on down-dragged bedding on the northwest side of the fault 

and the orientation of breccia fragments within the fault zone 

whose long axes have a dip of 56 degrees to the south.

A second fault location within the Alevrada-Smardacha fault zone 

was observed approximately 0.5 km northeast of the location 

described above and may represent a continuation of the same 

fault trace (Location B, Figure 4-17). This fault zone is 

oriented N40°E, 83°SE. The fault is exposed on the southwest 

bank of a drainage ditch that is adjacent to a concrete spring 

box, northwest of the Petrona-Alevrada road and at the south 

western edge of the village of Alevrada. The fault contains a 

25-cm-thick clay gouge zone with polished pebbles, the long axis 

of which is nearly vertical (Figure 4-19). The sense of
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displacement was not determined. Slumped soil covers the top of 
the fault, and seeps were found in both the sandstone and silt- 
stone units on the north side of the fault.

The third location where the faulting was observed within the 

Alevrada-Smardacha fault zone was about 0.5 km northeast of the 
village of Alevrada, in a cut above the main dirt road leading 

northeast from the village. At this point, the fault zone is 
about 9 m wide (Figure 4-20) and has zones of more intense 

deformation on either side of the main fault zone. The most 
intensely sheared zone is at the southern edge of the exposure 

and is oriented N50°E, and dips 70°NW. This zone contains 
slickensided clay gouge, the slickensides dipping 40 degrees to 
the east. Crenulation folding is preserved in the clay gouge 
adjacent to linear shear planes that are slickensided and 

contain a clay filling 1 to 4 cm thick. The central part of the 
fault zone is composed of distorted bedding, breccia, and linear 

planes along which displacement has occurred. The northern edge 
of the exposure of the fault zone is marked by another clay zone 

similar to that at the southern edge, showing shearing and 
crenulation folding. This clay zone has an orientation of 

N67°E, 69°NW. Bending and drag on the adjacent beds outside the 
fault zone and rotated blocks within the fault zone show that 

the relative movement is north side up. Slumped talus and loose 
thin soil cover the fault zone on top of the cut.

Ground reconnaissance farther to the northeast of the village of 

Alevrada revealed a large rock and debris slide generally on 

line with the projection of the fault zone traced through the 
village (Location D, Figure 4-17). The large slide totally 
destroyed a lengthy section of road from Alevrada to Triklinos. 
The slide most likely occurred during the 1966 earthquake, based 
on reports from the villagers of Alevrada. These villagers also 
indicated that numerous slides and ground cracks occurred north 
and northeast of the village, as well as within the village,
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during the 1966 earthquake. Some houses were reported to have 

collapsed during the earthquake; however, most of the ground 

cracks and damage was reported to have occurred northeast of 

Alevrada. Four houses were reported to have been destroyed in 

one stream valley located about 1 km northeast of the village, 

and a crack about 15 cm wide and 10 m long was reported to have 

occurred near a house known as the Paleohoraki house. Other 

cracks were reported 3 km northeast of the village near a house 

known as the Pistiana house. Ground reconnaissance in the area 

where cracking was reported showed evidence of slumping, 

landsliding, and debris sliding. Because of the length of time 

since the earthquake, no cracks were observed and no conclusive 

evidence of surface rupture was observed.

The fourth fault location within the Alevrada-Smardacha fault 

zone is beneath the Smardacha Bridge (Location E, Figure 4-17) 

(Snow, 1971). Due to the general inaccessibility of this 

location and poor lighting conditions at the hour of this study, 

an examination of the location on the ground was not possible. 

However, during the aerial reconnaissance, the northern-most 

point of the Alevrada-Smardacha fault was observed to pass 

through this location. Snow (1971) reports an east-northeast 

trending, steeply dipping fault zone that contains slickensides 

dipping 45 degrees. From these data, he postulated normal 

displacement and dextral displacement that had displaced a fold 

axis for approximately 3 km along the fault.

From these five locations, as well as from observations made 

southwest of Alevrada, the Alevrada-Smardacha fault could be 

traced for approximately 15 km between the village of Petrona 

and the Smardacha Bridge. The sense of displacement is normal 

within the fault zone. Sinistral displacement was observed at 

one location (Location C, Figure 4-17), and dextral displacement 

was reported at another location (Location E, Figure 4-17) 

(Snow, 1971). This disparity may indicate recent displacement
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has had different components along the different segments or may 

indicate different segments of the fault have responded to 

different stress regimes. Although the fault passes into the 

western section of thfiL..reservoir, its relationship to seismic 

activity after impoundment of the reservoir remains unresolved.

During the investigation of the Alverada-Smardacha fault, the 

village of Alevrada, which consists of approximately 30 to 40 

stone block houses, was examined in detail for evidence of 

ground cracking and/or building damage. No conclusive evidence 

of ground cracks were obtained, which may be due to the 12-year 

interval since the earthquake. Reconnaissance of the fault 

projection through Alevrada resulted in several locations where 

stone houses had fallen, leaving cement slab foundations. The 

collapse of these buildings as the result of the earthquake 

could not be verified. Two churches on the projection of the 

fault trace were apparently undamaged. An abandoned building in 

the northeast section of town had a caved-in roof and prominent 

cracks in the walls, but fire had severely damaged the building 

and the relationship of its damage to the earthquake is 

ambiguous.

During further ground reconnaissance in the village, a rather 

unique thick agglomerate debris slide deposit was noted behind 

one of the village churches, in the central-northern part of the 

village. At the church, one large spring, which supplies water 

for the village, has developed near the base of the agglomerate. 

The agglomerate was formed by debris slides from the adjacent 

high cliff of limestone to the northwest. The agglomerate has a 

lobe-shaped outline in plan view and a linear boundary at its 

lower edge. The outline of the scarp left by the limestone 

forming the agglomerate is visible on the limestone cliff. The 

agglomerate formed a fairly sharp linear 5- to 10-m high scarp. 

The alignment of this scarp is in a northeast direction, 

subparallel to, and about 100 m to the northwest of, the fault
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alignment (as defined by fault exposures). Rubble blocks of the 

coarse limestone agglomerate exist downslope from the scarp, but 

no part of the agglomerate deposit that looks in place was found 

downslope from the fault alignment.

From aerial reconnaissance of the agglomerate deposit, a clear 

outline of its extent is visible (Figure 4-21). Moreover, 

aerial reconnaissance helps define the zone as a series of 

linear elements marked by vegetational changes and topographic 

saddles and troughs. One possible explanation for the linear 

nature of the scarp is that it was fault-controlled, suggesting 

the faults have been active since the time of deposition of the 

agglomerate. Other similar subparallel linear elements, which 

may also be faults, were also noted.

Triklinos Fault

The Triklinos fault crosses the Pindus thrust fault and the 

Alevrada-Smardacha fault. The first evidence of this high- 

angle, northwest-trending structure was noted while viewing the 

scarp of the Pindus thrust fault at the village of Paleohoria, 

in the eastern part of the reservoir (Location B, Figure 4-14). 

The Pindus fault scarp in this area is very linear and may be 

influenced by the Triklinos fault. An oblique aerial photograph 

on display in the Kremasta Dam power house shows a distinct 

northwest-trending linear feature in the same area where the 

fault was noted in the field. On the photograph, the structure 

was observed to extend northwestward from the Megdhoyas arm of 

the reservoir, across the drainage from Frangista, and toward 

the Agraphiotis arm of the reservoir.

During subsequent aerial reconnaissance of the Lake Kremasta 

reservoir area for this study, the linear feature noted on the 

oblique photograph and the scarp studied on the ground were 

observed to be approximately coincidental. This linear feature
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was observed to trend from the Megdhoyas arm of the reservoir, 

through the stream drainage from Frangista, which has had a 

sinistral displacement of approximately a hundred meters 

(Location D, Figure 4-14; Figure 4-22). The linear feature 

continues northwestward near the prominent scarp shown on 

Figure 4-15 and subparallel to the trend of the Pindus fault in 

this area of the lake region. Northwest of the village of 

Paleohoria, the Pindus thrust fault trends more northerly while 

the linear feature continues across the Acheloos arm of the 

reservoir and offsets the Alevrada-Smardacha fault with 

sinistral displacement (Location E, Figure 4-14; Figure 4-23). 

The linear trend was observed to continue northwestward to the 

village of Triklinos beyond which it could not be observed.

The Triklinos fault's observed length is at least 25 km. The 

fault trends northwest and is inferred to be active, based on 

the youthful nature of the displaced Frangista drainage. 

Recurring displacement within the present tectonic stress regime 

has been inferred to have occurred, resulting in the offset 

drainage of the stream. The trend of the fault and the sense of 

displacment agree remarkably well with that postulated by 

Comninakis and others (1968) (Figure 4-10). Correlation of the 

field observations and the seismologic calculations is not 

possible at the present time, but the similarity is notable.

SUMMARY AND CONCLUSIONS

1) Faulting is prevalent in the Kremasta reservoir area.

2) The Pindus thrust fault displaces Miocene sedimentary strata 

and passes through the reservoir area. The time of latest 

displacement along this fault could not be determined.
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3) The Paleohoria fault is a northeast-trending, high-angle 

fault whose regional extent was not determined. 

Displacement is up to the northwest. Field data suggest the 

more recent movement may be dextral and reverse. The fault 

is located in the eastern part of Lake Kremasta, and its 

trace projects through the Megdhoyas arm of the lake. 

Circumstantial evidence, including a topographic scarp and 

slickensides, suggests that it may be active.

4) The Alevrada-Smardacha fault is a prominent northeast- 

southwest trending, high-angle fault of at least 15 km 

length between Petrona and the Smardacha Bridge. Normal 

displacement down to the southeast was observed, as was 

sinistral and dextral displacement. Extensive landsliding 
occurred north of the village of Alevrada during the 1966 

earthquake. The landslides apparently were triggered by the 

earthquake. No ground cracks were identified along the 

Alevrada-Smardacha fault in the Alevrada area. Clear 

topographic features and recent seismicity suggest this 

fault may be active.

5) The Triklinos fault is a northwest-trending, high-angle 

fault whose observed length is at least 25 km from the 

Megdhoyas arm of Lake Kremasta to the village of Triklinos. 

An offset stream drainage and offset of the Alevrada- 

Smardacha fault show sinistral displacement of approximately 

a hundred meters. The youthful nature of the displaced 

stream demonstrates the recency of fault displacement along 

this feature and strongly suggests the fault is active.

6) The Triklinos fault is approximately parallel to, and very 

near, the fault on which the 1966 earthquake (M = 6.3) was 

postulated to have occurred by Comninakis and others (1968). 

The sense of displacement is also the same.
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7) Active faults, including the Triklinos fault and possibly 

the Alevrada-Smardacha fault and the Paleohoria fault, are 

present within the hydrologic regime of Lake Kremasta.
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4.4 EUCUMBENE, TALBINGO, AND BLOWERING 

RESERVOIRS, AUSTRALIA

INTRODUCTION

Lakes Eucumbene, Talbingo, and Blowering are the largest 

reservoirs in the Snowy Mountain Scheme, a hydroelectric and 

irrigation complex located in southeastern Australia 

(Figure 4-24). These lakes are formed by the impoundment of 

the Snowy and Eucumbene Rivers which are diverted through a 

series of tunnels to the Murray and Murrumbidgee Rivers 

(Figure 4-25). The characteristics of each reservoir are 

presented in Table 4-2, and a photograph of Eucumbene Dam is 

shown in Figure 4-26.

Initial impoundment of Lakes Eucumbene and Talbingo were 

accompanied by high levels of seismic activity that appear to 

be related to the reservoir filling. No unusual seismic 

activity was recorded during impoundment of Lake Blowering, 

which is immediately downstream from Lake Talbingo and which 

was impounded two years earlier than Lake Talbingo. A 

preliminary study was undertaken to evaluate fault activity 

within the regime of these reservoirs. For the purposes of 

this study, a fault is defined as active if it has had 

displacement during that area's present stress regime.
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TABLE 4-2
DESCRIPTION OF THE EUCUMBENE, TALBINGO, AND 

BLOWERING RESERVOIRS

Type

Water Depth

Crest Length

Reservoir 
Area

Gross 
Storage

Date Completed

Foundation 
Rock

Eucumbene

Earth/Rock

106 m

579 m

145 km2

Talbingo

Earth/Rock

142 m

700 m 

19.4 km2

Blowering 

Earth/Rock

95 m 

888 m 

44.5 km2

4761 x 10 6 m3 935 x 10 6 m3 1628 x 10 6 m3

May 1958

siltstone and 
quartzite

October 1970 September 1968

rhyolite lava 
and tuff

quartzite, 
me tas ilts tone, 

phyllite

The scope of work for this study consisted of the following:

* gathering and review of published and unpublished data 

and maps;

* discussions with scientists resident in, or familiar 

with, the study areas;

* aerial reconnaissance flights over the study area;

* ground reconnaissance at selected locations in the 

study area;

* examination of aerial photographs of portions of the 

study area;

* collecting and evaluation of seismologic data.
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The initial portion of the data gathering effort used 

Woodward-Clyde Consultants' library facilities and files in 

San Francisco. Additional data and maps were obtained from 

state and federal government agencies in Sydney, Canberra, and 

Cooma, Australia. Selected references also were reviewed in 

the library of the Geological Survey of New South Wales. 

Seisinologic data were requested from the Research School of 

Physical Sciences of the Australian National University. Data 

on reservoir filling histories were solicited from the Snowy 

Mountains Hydro-Electric Authority. Topographic maps and 

photographs were obtained from the Department of Public Lands 

in Sydney and Canberra, Australia.

REGIONAL GEOLOGIC SETTING

The major portion of the Snowy Mountains area is underlain by 

granitic and gneissic rock of Silurian to early Devonian age. 

Most of remainder of the area is underlain by highly folded 

metasediments and metavolcanics of Ordovician and Silurian 

age, and by less-folded sedimentary and volcanic rocks of 

Devonian age. Relatively flat-lying Tertiary basalt flows cap 

the older rocks in some of the higher plateaus; these flows 

directly overlie unconsolidated river and lake deposits in 

portions of the area. Alluvial deposits and glacial deposits 

are present locally. The regional geologic relationships are 

shown in Figure 4-27.

At Eucumbene reservoir, according to mapping by White and 

others (1977), a major portion of the lake and much of the 

adjoining area to the north, east and west, are underlain by 

black shale, chert, sandstone, and slate of late Ordovician 

and early Silurian age. These rocks are strongly weathered to 

decomposed where exposed. In the southern portion of the 

Eucumbene reservoir area, and locally elsewhere, these rocks 

are intruded by granodiorite of late Silurian or early
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P Porphyry

M Monzonite, diorite, norite, basic rocks

s Serpentine and associated rocks

    Geologic contact
    Fault

0 5 10 15 20 25 30 km

Source:
Modified from Snowy Mountains Hydroelectric 
Authority, Seismic Map of the Snowy Mountains 
Area, and Geological Survey of New South Wales, 
Berridale Sheet (1976).

REGIONAL GEOLOGY 
LAKES EUCUMBENE, TALBINGO, 

AND BLOWER ING 
New South Wales, Australia

Project No. 14195C 
Woodward-Clyde Consultants

Figure 4-27
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Devonian age. The granodiorite is overlain locally by basalt 

of Tertiary age, which is the youngest mapped geologic unit in 

the area. Unconsolidated deposits of Quaternary age are 

present but appear to be thin and of very limited areal 

extent.

At the Talbingo reservoir, the results of reconnaissance 

mapping by the Geological Survey of New South Wales (Adamson, 

1955) indicate that this reservoir is underlain principally by 

volcanics and closely interrelated sedimentary rocks of 

Devonian age. Mapping by Brunker and others (1970) indicates 

that the southern end of the reservoir overlaps greywacke, 

siltstone, quartzite, tuff, and conglomerate of upper Silurian 

age. Brunker and others (1970) also show that at least one 

arm of the reservoir extends across serpentinite and related 

rocks that have been inferred to represent oceanic lithosphere 

of the Cowra Trough (Degeling, 1977). This overlapping of the 

serpentinite by the reservoir was confirmed during the field 

studies for this report. This band of serpentinite and 

related rock projects toward Lake Blowering but is mapped as 

pinching out approximately 6 km south of the Blowering 

Reservoir (Brunker and others, 1970). In addition, a 

prominent lineament associated with the serpentinite extends 

northward, subparallel to Blowering reservoir.

The Blowering reservoir area, as mapped by Brunker and others 

(1970), (1970), is underlain principally by quartz feldspar 

porphyry of upper Silurian age and by associated slate 
greywacke, sandstone, quartzite, tuff, and andesite. These 

units are closely interbedded. Similar rocks of early Silurian 

age are also mapped as being present beneath the southwestern 

arm of the reservoir.

The Snowy Mountains region is traversed by numerous faults, 

many of which may have developed concurrently with the older
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stages of folding. Other faults are much younger and are 

believed to have been associated with uplift and warping that 

took place during Tertiary time. Complex block-faulting is 

particularly evident throughout much of the Snowy Mountains 

Region. These faults are visible as a system of intersecting 

lineaments, the most prominent of which has a north-northwest 

trend and the other has a northeast trend (Figures 4-25 and 

4-27) (Moye and others, 1963; Maffi and Simpson, 1977).

The block faulting appears to be superimposed on an older 

tectonic trend, as delineated on various maps published by the 

Geological Survey of New South Wales (Pogson, 1972; Barnes and 

Herzberger, 1975; Brunker and others, 19-70; Degeling, 1977). 

This older trend consists of a belt of thrust faults that 

separates rock of significantly different type and age. In 

the vicinity of Talbingo reservoir, serpentinite and 
ultrabasic igneous rocks, inferred to represent oceanic upper 

mantle of late Ordovician to early Silurian age (Degeling, 

1977), are exposed in a linear north-northwesterly trend that 

forms a "Y" junction with the main northeasterly trend of 

thrust faults (the Long Plain fault on Figure 4-27). Talbingo 

and Blowering reservoirs are both located within the "Y", and 

Talbingo locally overlies one arm of the "Y".

Left-lateral wrench faults also have been mapped in the Snowy 

Mountains area and include the Berridale fault, which is 

located near Lake Eucumbene (Figure 4-27) (White and others, 

1977). In addition, a major thrust fault (the Jindabyne fault 

on Figure 4-27), is located in the immediate vicinity of Lake 

Eucembene.

REGIONAL SEISMIC ACTIVITY

The historical seismicity for the Snowy Mountains area is 

presented on Figure 4-28. This information was obtained
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principally from the Snowy Mountains Hydro-Electric Authority 

and was based on data from a seismograph network established 

in 1957. Originally, this network consisted of four stations, 

each with a recorder, and was designed with the intent of 

ensuring detection and location of microearthquakes and larger 

seismic events. The data collected by the network are now 

telemetered directly to a recorder at the Australian National 

University in Canberra.

Lake Eucumbene

Impoundment of Lake Eucumbene began in June 1957 f prior to 

establishment of the Snowy Mountains seismographic network. 

The pre-existing seismograph network was not capable of 

detecting events with magnitude less than 4 in the Snowy 

Mountains region. Thus, a good pre-impoundment data base is 

not available. However, a large body of seismic data has been 

accumulated since impoundment. Forty-four earthquakes of 

sufficient magnitude to be located accurately occurred during 

a 3-1/2 year period from 1958 to 1962 in a region located 

generally south to southeast of the reservoir (Figure 4-28). 

The largest of these events, which occurred near the community 

of Berridale in May 1959, had a magnitude of 5. Twenty-one 

minor shocks occurred in the vicinity of this magnitude 5 

event, and they are reported to have the strain release 

pattern of a typical aftershock sequence. These shocks were 

relatively distant from the reservoir.

At the time of the main Berridale event, Lake Eucumbene had 

not yet reached the dead volume of approximately 432 x 10 m3 ; 

ponding of the live storage began in October 1958. Cleary and 

others (1964) interpret this as evidence that reservoir 

impoundment could not have been responsible. However, in 

comparison, Lake Mendocino in California, which has a total 

storage capacity of only 151 x 10^ m^, is a well-documented
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probable source of reservoir induced seismicity (Toppozada and 

Cramer, 1978). Lake Marathon in Greece, which has a capacity 

of only 41 x 10^ m^, is another documented probable source of 

reservoir induced seismicity (Gupta and Rastogi, 1976).

Fault-plane analysis of the Berridale earthquake suggests that 

the event originated on either a high-angle reverse fault with 

a strike of about N50°W degrees, or a low-angle, south- or 

southeast-dipping reverse fault with a possible range of 

strikes between N40°W degrees and east-west (Cleary and 

others, 1964). The first solution, which suggests a high- 

angle reverse fault parallel to the Crackenback escarpment, 

was selected as correct by Cleary and others (1964). However, 

the results of recent geologic mapping (White and others, 

1977) indicate that the Crackenback fault does not extend east 

of Lake Jindabyne. Moreover, the earthquake epicenters, as 

plotted, do not line up along the Crackenback fault. In fact, 

they are so widely scattered that selected groups could be 

attributed to the Jindabyne fault, the Berridale fault, and to 

a number of minor faults in the area between Berridale and 

Lake Eucumbene. Therefore, the alternative solution 

(involving a northeast or east-west trending, low-angle thrust 

fault) warrants further consideration. This solution would 

represent a plane subparallel to the Khancoban-Yellow Bog 

fault system in which bedrock has been thrust over 

Pleistocene(?) or more recent river gravels. This fault 

system appears to be related to the Long Plain fault, which is 

the most prominently visible structural feature on satellite 

imagery of the area (Figure 4-25).

Lake Talbingo

Lake Talbingo was outside the quadrangle of the original 

seismograph network, but a station was added in 1969, two 

years prior to filling. The additional station made it
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possible to locate events with magnitudes of 1 or less in this 

area. Prior to 1 May 1971, when filling began, seismic 

activity had been monitored for 13 years, including two years 

of nearby monitoring by the Talbingo station. The only 

earthquake recorded during that period was a minor one located 

about 19 km north of the dam site. Increased seismic activity 

commenced on 19 May 1971 with a small event and was followed 

by two more small earthquakes during May. The activity in 

June increased to 39 recorded events, of which four were of 

sufficient magnitude to be located (maximum magnitude recorded 

was 2.4). In July and August, an average of 20 locatable 

events per month occurred as reservoir filling continued. The 

rate of filling dropped sharply after August, and there was a 

correspondingly sharp decrease in the number of locatable 

events. However, the number of microearthquakes remained 

fairly constant, initially at several hundred per month 

(Timmel and Simpson, 1972). The locations of the larger 

earthquakes are shown on Figure 4-28).

Lake Blowering

Located immediately downstream from Talbingo Dam 

(Figure 4-25), the Blowering reservoir essentially has the 

same pre-impoundment seismic history as that described above 

for Lake Talbingo. During the 16-month period following 

impoundment, one microearthquake was located within 1 km of 

the reservoir.

FAULT INVESTIGATION 

Lake Eucumbene Area

The geologic maps of the Lake Eucumbene area indicate that two 

faults, the Berridale wrench fault and the Jindabyne thrust 

fault, converge toward the Eucumbene Dam and that their joint
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continuation may extend beneath the reservoir (Figure 4-27). 

These features were examined during the field reconnaissance 

studies.

Berridale Wrench Fault - The Berridale wrench fault is a major 

northwest-trending feature described in the literature as 

exhibiting approximately 11 km of left-lateral offset and as 

showing evidence of vertical displacement (Lambert and White, 

1965; White and others, 1977). The left-lateral displacement 

is believed to have occurred during the Devonian period, 

whereas the inferred vertical displacement apparently has 

offset basalts of Tertiary age. Clear evidence of this 

displacement was not observed during field reconnaissance 

conducted for the study. However, during aerial 

reconnaissance, the Berridale fault was recognizable on the 

basis of linear tonal changes in grassy areas, gross changes 

in vegetation, linear sidehill depressions, and aligned 

saddles (Figure 4-29).

Lambert and White (1965) state that the Berridale fault has 

produced linear scarps in alluvium southeast of Berridale, 

where the current reconnaissance started. They also show an 

aftershock sequence in the Berridale area as having a 

northwest-striking, left-lateral, stike-slip component. Thus, 

on the basis of stratigraphic, geomorphic, and seismic 

evidence, the Berridale fault was classified as active for the 

purposes of this study.

Jindabyne Thrust Fault - The Berridale fault appears to join 

the north-trending Jindabyne thrust fault immediately south of 

Eucumbene Dam (Figure 4-27). White and others (1976) state 

that the Jindabyne fault is marked by a prominent scarp over 

much of its mapped length (Figure 4-30), and they infer that 

this fault was a factor in impounding the postulated 

Pleistocene-aged Lake Jindabyne. White and others (1976) also
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View is to the northeast. Arrows denote break in slope along Berridale fault.

BERRIDALE WRENCH FAULT 
VICINITY OF L/VKE EUCUMBENE

New South Wales, Australia

Project No. 14087A 
Woodward-Clyde Consultants

Figure 4-29
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View is to the east, across Jindabyne fault near Hollins Crossing. The prominent 
topographic expression is shown.

JINDABYNE THRUST FAULT 
VICINITY OF LAKE EUCUMBENE

New South Wales, Australia

Project No. 14087A 
Woodward-Clyde Consultants

Figure 4-30

Page 184



Woodward-Clyde Consultants

point out that all faults mapped east and west of the 

Jindabyne fault are terminated by this fault. White and 

others (1976) identify a recent uplift along the Crackenback 

and Mowamba faults, both of which join or are cut off by the 

Jindabyne fault. The structural picture of the region, 

therefore, can best be explained as the Jindabyne fault being 

contemporaneous with the strike-slip faulting and having 

absorbed all the strike-slip displacement.

During the field reconnaissance for the current study, the 

mapped trace of the Jindabyne fault was observed as 

characterized by alignments of linearly grooved saddles, 

vegetational changes, and springs. For the purposes of this 

study, the Jindabyne fault is considered active, based upon 

the structural relationships.

Lake Talbingo and Blowering Areas

Long Plain Fault - Talbingo reservoir is located at the 

juncture of a "Y" that is formed by a splay in a major 

tectonic feature that could be construed to represent a fossil 

plate boundary (Figure 4-27). For the purposes of this 

report, this major tectonic line will be referred to as the 

Long Plain fault. (This nomenclature has been used previously 

by Maffi and Simpson, 1977.) This feature, which is shown on 

numerous geologic maps of the area (Pogson, 1972; Barnes and 

Herzberger, 1975; Brunker and others, 1970; and Degeling, 

1977), extends southeastward into Victoria. In the project 

area, the Long Plain fault forms a dividing line between the 

Devonian-aged rock of the Kosciusko Plateau and Silurian- and 

Ordovician-aged rocks to the northwest (Figure 4-27). It is 

bordered by a broad zone of block faults and thrust faults. 

In the vicinity of Talbingo reservoir, this fault is 

characterized in part by the presence of a linearly extensive 

band of serpentinite and ultrabasic igneous rocks in a series 

of outcrops that are prominently visible from the air.
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Individual faults within or evidently closely related to this 

system have been inferred to have been reactivated in post- 

mid-Tertiary time. K. R. Sharp of the Snowy Mountains 

Engineering Corporation (personal communication, 1978) cites 

as evidence of this reactivation thrusting of bedrock over 

gravel along the Khancoban-Yellow Bog fault in the Khancoban 

area (Figure 4-31) and a 125-m scarp that is across the Long 

Plain fault in 20 million-year-old basalt near Tumut Pond. He 

also cites extraordinarily deep accumulations of post-mid- 

Tertiary warping, or "tectonic ponding," that could be 

construed to suggest activity of faults along the major 

tectonic line. Gill and Sharp (1956) cite data establishing 

the age of the Kiandra deposits as Tertiary. However, the 

gravels at Khancoban are in a currently active river valley 

and may represent Pleistocene or younger deposition. 

Unfortunately, the exposure exhibiting bedrock thrust over 

gravel has become overgrown since the visit by Sharp, and it 

could not be located during the recent field studies. One 

road cut exhibiting evidence suggestive of thrusting of 

decomposed granite over gravels was observed near Khancoban, 

but the evidence was equivocable.

An unmapped feature that may represent an active branch of the 

Long Plain fault is present near the shore of Blowering 

reservoir. This feature is identifiable from the air on the 

basis of an alignment of linear depressions, saddles, and 

blocked or offset drainages. For the purposes of this study, 

the geomorphic and structural relationships along faults 

associated with the Long Plain fault have been considered to 

be evidence of fault activity during the active tectonic 

regime.
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Bedrock thrust over gravel, vicinity of Khancoban. Photograph courtesy of 
Mr. Kenneth R. Sharp, Snowy Mountain Engineering Corporation, Cooma, 
N.S.W., Australia

KHANCOBAN-YELLOW BOG FAULT 
SNOWY MOUNTAINS

New South Wales, Australia

Project No. 14087A 
Woodward-Clyde Consultants

Figure 4-31
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CONCLUSIONS 

Lake Eucumbene

The most extensive faults to which earthquakes in the Lake 

Eucumbene area could be attributed are the Jindabyne and 

Berridale faults. The mapped geologic relationships and 

geomorphic features observed during the aerial and field 

reconnaissance for the present study indicate that these 

faults are relatively young or have had a history of activity 

that has continued into late Cenozoic time.

Lakes Talbingo and Blowering

The seismic activity associated with the filling of Lake 

Talbingo may be related to faults associated with the Long 

Plain fault in the Lakes Talbingo and Blowering area. On the 

basis of the geomorphic evidence along these faults, and 

evidence of thrusting of bedrock over Pleistocene(?) or 

younger gravel along the Khancoban-Yellow Bog fault in the 

Khancoban area, these faults have been considered active.
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4.5 LAKE BENMORE, NEW ZEALAND '

INTRODUCTION

Benmore Dam impounds the Waitaki River and its six 

tributaries, forming Lake Benmore, the largest man-made lake 

in New Zealand (Figures 4-32, 4-33, and 4-34; Table 4-3). 

Lake Benmore, located in the central portion of South Island 

(Figure 4-32), is a key feature of the Upper and Middle 

Waitaki Power Scheme. Two other large reservoirs, Lakes 

Pukaki and Ohau, are located on the headwaters of the Waitaki 

River within 25 km of Lake Benmore, and a third, Lake Tekapo, 

lies within 50 km of Lake Benmore (Figure 4-33). These three 

reservoirs were natural lakes that have been modified to serve 

as reservoirs.

After impoundment of Lake Benmore in 1964, seismicity within 

80 km of Benmore Dam (including the area of the three 

subsidiary reservoirs) increased three to six times over the 

pre-impoundment seismicity (Adams, 1974). Because of this 

increase in seismicity upon the impoundment of Lake Benmore, a 

preliminary study was undertaken to evaluate if active faults 

are present within the influence of Lake Benmore. For the 

purposes of this study, a fault is defined as active if 

displacement has occurred during that area's present stress 

regime. For the Lake Benmore area, this would be Late 

Cenozoic time.
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View is to the north, across Lake Benmore: Benmore Dam 
is in foreground and Lake Pukaki in distance.

BENMORE DAM
AND LAKE BENMORE

South Island, New Zealand

Project No. 14087A 
Woodward-Clyde Consultants

Figure 4 34

Page 192



Woodward-Clyde Consultants

TABLE 4-3

DESCRIPTION OF THE 

BEMMORE DAM AND RESERVOIR

Type Earthfill

Structural Height 110 m

Hydraulic Head 95 m

Crest Length 820 m

Reservoir Area 2.04 x 10^ m^

Gross Storage 2.2 x 10 8 m3

Date Completed November 1964

	(filling started) 

Foundation Rock graywacke and argillite

This investigation incorporates the results of studies of 

seismicity and faulting in the vicinity of Lake Denmore by 

personnel of the New Zealand Geological Survey in New Zealand. 

The studies for this report were selective and limited in 

scope; it was not intended that all faults in the area be 

identified and evaluated. For the purposes of this study, it 

v/as assumed that any Late Cenozoic faults within the 

hydrologic regime of the reservoir may be influenced by 

impoundment of the reservoir.

The scope of this study's work consisted of the following:

  gathering and reviewing published and unpublished 

data and maps;

  questioning scientists resident in, or familiar with, 

the study area;

  making aerial reconnaissance flights over the study 

area;
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  performing ground reconnaissance at selected 

locations in the study area;

  examining LANDSAT imagery and aerial photographs of 

portions of the study area; and

  collecting and evaluating seismic data.

The initial part of the data gathering effort was performed in 

our offices in San Francisco, using Woodward-Clyde 

Consultants 1 library facilities and files. Additional data 

and maps were obtained from government agencies in Lower Hutt, 

Wellington, and Twizel, Hew Zealand. Selected references also 

were reviewed in the library of the New Zealand Geological 

Survey, and complete seismologic data were obtained from the 

Seismological Observatory in Wellington. A reservoir filling 

history was requested from the Ministry of Works and 

Development, and aerial photographs were purchased from the 
Department of Lands and Survey.

REGIOIIAL GEOLOGIC SETTING

Benmore Dam and Reservoir area is a complexly faulted basin 

and has a range topography in which regional uplift is 

believed to have continued into the Pleistocene period (Shaw 
and Stevens, 1966). However, much of the faulting in the 

region probably occurred during Tertiary time (McKellar and 

others, 1967).

The only recognized major historically active fault in the 

region is the Alpine fault, which is located 32 km northwest 

of Benmore Dam (Figure 4-32). However, evidence of Holocene 

activity along segments of other faults of potentially 

significant extent has been reported (Gair, 1967). The Ostler 

fault zone (Figure 4-35), which is described in detail later 

in this report, is an example.
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The available geologic maps (Mutch, 1963; Gair, 1967) indicate 

that Benmore Dam and much of Lake Benmore are located on 

graywacke and argillite of Silurian age (Figure 4-35). A 

relatively minor portion of the reservoir is mapped as being 

located on similar materials of Permian age. The northern end 

of the reservoir is mapped as being located on Pleistocene 

alluvium and glacial till. The Pleistocene deposits are 

believed to reach a thickness in excess of 1518 m upstream 

from the reservoir (Mansergh and Read, 1973). A total of 

seven Pleistocene units have been recognized in the project 

area. In general, these consist of glacial till, outwash 

gravels, interglacial deposits, and alluvium.

REGIONAL SEISMIC ACTIVITY

Lake Benmore is located in an area of relatively low 

seismicity. During the pre-impoundment period (1955 to 1964), 

only 7 earthquakes of magnitude 4 or greater v/ere reported to 

have been located within 80 km of Benmore Dam (Adams, 1974). 

During the post-impoundment period (1965-1972), a total of 

29 earthquakes occurred within 80 km of the dam. Two of these 

events had a magnitude of 5, whereas the highest magnitude 

recorded between 1955 and 1964 was 4.4.

Earthquakes within radii of 40 and 60 km also show a 

statistical difference between pre-impoundment and post- 

impoundment seismicity: the number of earthquakes having 

magnitudes equal to or greater than 4 has increased by factors 

of 3.1 and 6.5 since impoundment of Lake Benmore. The factor 

of 3.1 applies to earthquakes within 60 km of the dam, and the 

factor of 6.5 relates to earthquakes within 40 km of the dam. 

In considering distance and azimuth together, Adams (1974) 

found that 50 percent of the earthquakes examined occurred in 

10 percent of the area considered (upstream of the dam and 

within 40 km of it). However, reservoir impoundment in
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December 1964 was not followed immediately by an increase in 

earthquake activity; the first magnitude 5 event did not occur 

until July 1966. The second magnitude 5 event occurred nearly 

5 years later, in April 1971. Neither event could be 

correlated with changes in reservoir water level, as it has 

remained essentially constant since the intitial filling 

(Adams, 1974).

Woodward-Clyde Consultants reexamined the data base and 

incorporated additional data with that studied by Adams 

(1974). The locations of these events are shown on 

Figure 4-36.

The first magnitude 5 earthquake to occur following 

impoundment of Lake Benmore was plotted near the Otemata 

fault, about 17 km west of the dam (Adams, 1974). This fault 

is not mapped as a Quaternary feature (New Zealand Geological 

Survey, 1973). The second magnitude 5 earthquake to occur 

following impoundment v/as located approximately 14 km north of 

the dam, adjacent to the western shore of the reservoir and 

away from any known fault. This event suggests the 

possibility of the existence of a fault along the margin of 

the mountains where they join the Mackenzie Basin (Adams, 

1974). A number of smaller events fall within a northeast- 

trending alignment, extending roughly along the mountain front 

(Adams, 1974). Mo surface evidence of the existence of a 

fault in this location has been reported.

Several post-impoundment earthquakes have been plotted within 

or adjacent to the Ostler fault zone. This zone, including 

its probably northern extension, is the only relatively well- 

documented Quaternary fault in the project area (Mansergh and 

Read, 1973). The largest and most recent earthquake that 

appears to be related to this fault zone was a magnitude 4.6 

event that occurred on 17 December 1978. The epicenter was
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located on the northern extension of the Ostler fault zone, 

west of Lake Pukaki (Figure 4-36). The available data suggest 

a focal depth of approximately 4 km. Personnel of the New 

Zealand Geological Survey conducted a detailed examination of 

known fault traces in the epicentral area but found no 

evidence of surface fault rupture or other ground damage (Don 

Macfarlane, personal communication, December 1978). The 

pattern of first motions is reported to be consistent with 

sinistral strike-slip movement on a north-south fault. This 

interpretation is supported by the strong motion data, which 

showed most of the seismic energy to be in a north-south 

direction and of anomalously low amplitude in the epicentral 

area (Calhaem, 1978).

The seismic energy released in the December 1978 earthquake is 

reported to be more than 600 times the total energy released 

during the 3 1/2 year period immediately preceding that event 

(Calhaem, 1978). This earthquake occurred during rapid 

filling of Lake Pukaki. Lake Pukaki is a natural lake, the 

capacity of which has twice been increased by construction of 

dams designed to increase the power production capacity of the 

Upper and Middle Waitaki Power Scheme. The new Pukaki High 

Dan, which was completed in 1978, ultimately will create a 

reservoir with a maximum depth of 108 m and a storage capacity 

of more than 10 x 10^ m3 . As a precaution against further 

seismic activity, the rate of filling of this reservoir was 

reduced by 50 percent following the 17 December 1978 

earthquake (Calhaem, 1978).

During 1973, the New Zealand Institute of Geophysics recorded 

an 18-day survey of microearthquakes in the project area. 

This was done to establish in more detail the locations and 

mechanisms of earthquakes in the Benmore area and to ascertain 

the base level of seismicity prior to raising the level of 

Lake Pukaki. This portable network was capable of detecting
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and locating seismic events with magnitudes less than 0, as 

ompared to a higher limit of magnitude for the pre-existing 

fixed network. Two linear trends were identified from 

plotting located events. One extended in a northerly 

direction, from the vicinity of the town of Omarama to the Ben 

Ohau Range (Figure 4-35); this trend corresponds quite closely 

with the mapped position of the Ostler fault zone. The second 

trend extended in a northeasterly direction, from the northern 

arm of Lake Benmore along the edge of the Grampian Mountains 

(Figure 4-35). The most active areas along these two trends 

correspond closely to the postions of the two magnitude 5 

earthqakes that had been recorded previously (Adams and 

others, 1974).

Although the main trend of epicenters appears to correspond 

closely with the Ostler fault zone, the calculated mechanisms 

indicate that the fault planes of individual earthquakes 

strike approximately 45 degrees from this alignment. This 

strike is consistent with that of the trend noted along the 

base of the Grampian Mountains. Both the computer microearth- 

quake mechanisms and the geologically observed faulting are 

consistent with east-west regional compression (Adams and 

others, 1974).

FAULT INVESTIGATION

A small-scale map of active faults in New Zealand (Lensen, 

1965) indicates the presence of a number of relatively minor 

active faults in the region surrounding Lake Benmore. The 

most extensive of these, and the one closest to the reservoir, 

is the Ostler fault zone (Figure 4-35). It is located 

approximately 10 km west of the western arm of Lake Benmore 

and approximately 18 km west of the center of the main body of 

the reservoir. It extends for at least 56 km, from the 

Ahuriri River on the south to the headwaters of the Twizel
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River on the north (Gair f 1967). From there, the mapped 

relationships suggest that the fault may join a less recent 

fault system that extends northward into the Southern Alps, 

where it dies out in a fold. The axis of this fold is located 

subparallel to, and approximately 21 km southeast of, the 

Alpine fault, which is the most significant tectonic feature 

in Mew Zealand. The northern extension of the Ostler fault is 

approximately 40 km long and has been mapped as being active 

during Pleistocene, but not Holocene, time (New Zealand 

Geological Survey, 1973).

The Ostler fault zone, due to its proximity to a power plant 

site, has been studied in some detail by the Hew Zealand 

Geological Survey. These studies have included exploratory 

trenching and profiling. As described by Mansergh and Read 

(1973), the Ostler fault zone is made up of a series of 

individual traces within a band that locally may be as much as 

5500 m wide (Figure 4-37). The most prominent of these traces 

in the study area are, from west to east, the Haybarn fault, 

the "Y" fault, and the Ruataniwha fault (Figures 4-38 and 

4-39). Mansergh and Read (1973) state that the individual 

fault blocks within the zone generally are downthrown to the 

east and suggest that the locus of movement has migrated to 

the east with time. Tilted surfaces and folds are present 

within the zone.

The New Zealand Geological Survey (Mansergh and Read, 1973) 

has recognized two and possibly three areas where displacement 

of 1.8 to 2.7 m in alluvium occurred along the Ostler fault 

zone. Moreover, a total maximum displacement of 20 m was 

measured in 14,000-year-old glacial deposits, and 21 m in 

16,000-year-old glacial deposits. On this basis, the average 

rate of fault movement has been estimated to be 14 m per 

thousand years. However, based upon maximum and minimum 

recognized individual episodes of offset of 6.1 to 6.7 m and
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View is to the south, along the Ostler fault zone. Arrows indicate 
variations in scarp height in Quaternary units of different ages.

OSTLER FAULT ZONE 
VICINITY OF LAKE BENMORE

South Island, New Zealand

Project No. 14087A 
Woodward-Clyde Consultants

Figure 4 37
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View is to the north, along the Haybarn trace of the Ostler 
fault zone. The left-lateral drainage offset can be seen 
near excavation scar.

HAYBARN FAULT 
VICINITY OF LAKE BENMORE

South Island, New Zealand

Project No. 14087A 
Woodward-Clyde Consultants

Figure 4-38
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View is to the north, along the Haybarn trace of the Ostler fault zone. The degraded 
fault scrap is visible. Left-lateral offset of small drainage crosses slope adjacent to 
geologist (in center of photograph).

HAYBARN FAULT 
VICINITY OF LAKE BENMORE

South Island, New Zealand

Project No. 14087A 
Woodward-Clyde Consultants

Figure 4-39
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1.8 m, respectively, the recurrence interval of episodes of 

surface fault rupture has been estimated as 2800 years 

(Mansergh and Read, 1973).

The studies performed by the New Zealand Geological Survey 

indicate that the Ostler fault zone is the result of 

thrusting, with the west side moving up. Lake Benmore is 

located on the lower plate of the thrust, approximately 15 km 

to the east of the zone. An alignment of earthquake 

epicenters, all recorded since the filling of the reservoir in 

1964, have been mapped within or immediately west of the zone. 

This seismicity has been described in detail by Adams (1973) 

and has been summarized previously in this report.

The Ostler fault zone was examined on the ground, from the 

air, and on aerial photographs. The three fault traces mapped 

in the Twizel area by the New Zealand Geological Survey 

(Mansergh and Read, 1973) are prominently visible in the 

aerial photographs. On these photographs and from the air, 

the Ostler fault zone is identifiable principally on the basis 

of aligned scarps. Some of the scarps are substantially 

higher than others and may represent erosional remnants. The 

ground surfaces on the western side of both the high scarps 

and the low scarps have, in general, a gentle westward tilt. 

This westward tilt also was observed in bedding planes exposed 

in road cuts and stream banks. Landslides were noted on a 

number of the higher scarps; however, no landslides were 

observed at locations away from the fault zone.

Some of the scarps, particularly the lower ones, are quite 

irregular and tend to follow the trace inferred by the New 

Zealand Geological Survey (Mansergh and Read, 1973). However, 

in gross aspect, the zone is quite linear. This is 

particularly true west of Lake Pukaki where the probable 

northern extension of the Ostler fault zone appears
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essentially as a straight line marking a break in slope along 

a precipitous mountain front. This pronounced linear trend, 

particularly when considered with the reported alignment of 

earthquake epicenters along the surface trace of the Ostler 

fault zone, strongly suggests that the major portion of the 

fault plane is nearly vertical, although it may "roll over" 

somewhat where it passes through deep alluvial and glacial 

deposits.

For the present study, the surface reconnaissance of the 

Haybarn trace of the Ostler fault zone found pronounced 

evidence of left-lateal ofset of small drainages. The amount 

of left-lateral offset appears to be substantially greater 

than the vertical displacement. This evidence of a strong 

left-lateral strike-slip offset supports the previously 

described evidence pointing to the existence of a nearly 

vertical fault plane. It also supports the focal mechanism 

interpretation for the December 1978 earthquake. The 

strongest geomorphic expression suggestive of recurrent offset 

was seen on the Ruataniwha fault trace, immediately north of 

the Ohau River. At this location, two fault traces appear to 

be closely intertwined, producing a scarp-like feature. The 

results of the present study and of evaluation of the 

mechanism of the December 1978 earthquake indicate that the 

Ostler fault zone, which previously had been considered to be 

a westward-dipping thrust fault, is a nearly vertical, left- 

lateral strike-slip fault along its eastern portion.

CONCLUSIONS

The available data demonstrate a pronounced and significant 

increase in local seismicity following impoundment of Lake 

Benmore. Some of the earthquakes that have occurred since 

impoundment of Lake Benmore and that have been suspected of 

being induced by it have been located along or closely
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adjacent to the Ostler fault zone. (The center of Lake Pukaki 

is located about 8 km to the east of the Ostler fault zone.) 

The Ostler fault zone contains faults that have had surface 

displacement during the current tectonic regime, as expressed 

by scarps in Pleistocene deposits and on Holocene surfaces. 

The most recent earthquake on this fault, v/hich occurred on 

17 December 1978, may have been triggered by rapid filling of 

Lake Pukaki.
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4.6 HOOVER DAM AND LAKE MEAD, 

UNITED STATES

INTRODUCTION

Lake Mead, impounded by construction of Hoover Dam across the 

Colorado River at the Arizona-Nevada border in Black Canyon 

(Figure 4-40), is one of several large, deep reservoirs that 

have been responsible for inducing or triggering an increased 

level of local seismicity. This report describes the results 

of preliminary studies undertaken to evaluate the possibility 

that the reservoir is underlain or closely bordered by one or 

more active faults. For the purposes of this study, an active 

fault is one on which displacement has occurred during that 

area's present stress regime; for the Lake Mead area, this 

would be Late Cenozoic time.

In part, these studies are an extension of earlier work by 

others who had correlated some of the recorded seismic events 

with mapped geologic structures. However, the present studies 

were selective and limited in scope; it was not intended that 

all faults in the area be evaluated. For the present study, a 

brief review of pertinent available data was made. The 

locations of selected faults and seismically active areas 

described in the literature were marked on topographic maps to 

facilitate the field studies. Selected areas were examined 

for regional trends on aerial photographs (scale 1:80,000) 

provided by the U.S. Geological Survey. Areas and linear 

trends of potential interest and significance were then viewed 

during aerial reconnaissance flights. Selected areas 

accessible by foot or four-wheel drive vehicle were examined 

during the ground reconnaissance. Extensive 35 mm photo 

coverage of the study areas was taken for reference during 

data evaluation.
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REGIONAL GEOLOGIC SETTING

Hoover Dam impounds the Colorado River in northwestern Arizona 

and southeastern Nevada forming Lake Mead; the maximum depth 

of the reservoir is approximately 166 m. The dam and 

reservoir are located in the Basin and Range physiographic 

province, which is characterized by regional extension, 

resultant normal faulting, and horst and graben structures 

(Figure 4-41). The dam itself is underlain by Tertiary 

volcanic deposits of basalt and andesite. The reservoir also 

is underlain by Tertiary volcanic deposits and by Tertiary 

conglomerate, sandstone, clay, salt, and gypsum deposits, 

Precambrian metamorphic units, and Precambrian granite 

(Longwell, 1936; Rogers and Lee, 1976).

Faulting is prevalent in the vicinity of the dam site and in 

the reservoir area. The faults are late Tertiary in age and 

are primarily strike-slip faults that trend northeast and 

normal faults that trend north (Anderson and Laney, 1975). 

The two major strike-slip faults, the Las Vegas shear and the 

Hamblin Bay fault, are estimated by Rogers and Lee (1976) to 

be approximately 64 to 80 km long. Cumulative displacements 

on the normal faults measure approximately 1800 m, according 

to the same authors. A large number of faults of lesser 

extent have been mapped (Figure 4-41).

REGIONAL SEISMIC ACTIVITY

Prior to reservoir impoundment in 1936, no historical 

earthquakes had been reported near the reservoir, and the area 

was considered to be one of extremely low seismicity. Seismic 

activity, which commenced subsequent to reservoir impoundment, 

was clustered within 25 km of the reservoir. During an 8-year 

monitoring period beginning in 1937, epicenters were centered 

primarily along existing faults at focal depths of less than
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9 km. The largest earthquakes were assigned Richter 

magnitudes of 5 and occurred in 1939, 1942, 1948, 1952, and 

1958 (Rogers and Lee, 1976). Studies of these earthquakes 

(occurring between initial maximum impoundment in 1938 until 

about 1948 or 1949) suggest that a correlation exists between 

seasonal variations in reservoir level and variations in the 

frequency of seismic activity (Carder, 1970). However, 

subsequent seismic activity from 1949 to 1976 shows no 

correlation with a 20 percent increase in reservoir load. 

Analysis of the data from monitoring of the lake area during 

1972 and 1973 showed seismic activity to be no different than 

that of the surrounding region.

Carder (1968, 1970) suggests that the post-impoundment 

seismicity may be the result of stresses generated by the 

weight of Lake Mead triggering renewed activity along pre 

existing normal faults. The bases for this hypothesis are 

that the basin in which Lake Mead is impounded settled 18 to 

20 cm (Carder and Small, 1948; Lara and Sanders, 1970) and 

that the time between initial maximum impoundment (1938) and 

the largest reported events (the first occurring in 1939) was 

relatively short. Information on surface rupture along these 

faults or the duration and nature of ground motion associated 

with the post-impoundment seismicity was not presented in the 

reports reviewed during this study.

FAULT INVESTIGATION

A relatively large number of faults within the Lake Mead 

reservoir area and surrounding region are described in the 

literature. It was not possible within the scope of this 

study either to document all the available data on each or to 

examine each one in any significant detail. Therefore, it was 

necessary to be selective and to choose only a few faults for 

study. Because the emphasis of this preliminary study was on
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recognition of geologically recent faulting, the greatest 

attention was directed to features that either border alluvium 

or have been reported to offset alluvium. Twelve geographic 

areas were studied: three of these areas yielded information 

most significant to this study, and the geologic 

reconnaissance findings from these areas are discussed below 

(Figure 4-41).

Railroad Flat - Black Mountain Area

A fault,, largely concealed by alluvium, is possibly located 

southwest of Railroad Pass (Longwell, 1963). The findings 

from another study in the area (Woodward-McNeil & Associates, 

1974) strongly suggest geologically recent surface rupture on 

a fault that may correspond with the one referred to by 

Longwell (1963). Rogers and Lee (1976) indicate the presence 

of a fault in this same general vicinity, but do not show any 

corresponding lineation of epicenters. Nevertheless, Carder 

(1945) indicates that some seismic activity has occurred in 

this area.

The geologic features noted during the current study include 

two adjacent lines of scarps with a northeast trend, parallel 

to the base of Black Mountain, which is located about 11 km 

southwest of Boulder City, Nevada. These lines of scarp, 

which presumably represent a fault zone, are intermittent and 

are traceable for a distance of about 3 km across colluvial 

fans, a boulder debris flow, and a pediment surface. One 

scarp is most distinctive where it crosses the debris flow. 

The northwest side of this scarp is 3.5 to 4.5 m higher than 

the east side and can best be seen during the late afternoon, 

when the sun angle produces a shadow on the east side of the 

scarp, enhancing its expression.
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The sense of displacement on the fault appears to be mainly 

normal. Ho obvious indication of a strike-slip component was 

noted, although the channel of one wash may be shifted to the 

right across the fault. A steep-sided topographic slope about 

3.5 to 4.5 m high is evident near the crest of the debris flow 

east of a gorge in Black Mountain. The fan surface consists 

principally of very large boulders, as large as 1.8 m in 

diameter. The scarp continues beyond the main portion of the 

youngest debris flow. Within the main channel of the fan 

complex, the older debris material is exposed and is overlain 

by younger, fresher granitic rock slide and debris flow 

material. The older material is coated with desert varnish 

and is also granitic in composition.

The line of scarp feature is traceable to the north as far as 

Highway 93 and projects into a notch in a foothill ridge of 

the River Mountains just north of Highway 93. Evidence for 

the location of the line of scarps becomes less clear both to 

the north and south of the debris flow. Traces of the scarp 

are clearly seen across two drainages just to the north of the 

debris flow and are marked by a vertical displacements of a 

pediment surface between the drainages. The scarp is also 

marked by a line of vegetation that is aligned with the more 

prominent scarp that crosses the apex of the debris flow. 

Another, less evident subparallel feature exists to the 

southeast and is marked by a vegetational line. These 

geologic features are judged to represent surface expressions 

of faulting during the present tectonic regime and may 

represent late Holocene displacement.

During aerial reconnaissance, no definitive evidence was 

observed to demonstrate that this geologic structure exists as 

far northeast as Lake Mead; however, there is the possibility 

that it still exists, based on several topographic saddles and 

other subtle features along the projection of the fault.
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Mead Slope Fault

The Mead Slope fault has been described as one of a group of 

four faults in the vicinity of Fortification Hill (Longwell, 

1963). According to Longwell, this is a reverse fault that 

may have originated after the older river gravels (presumably 

of Pleistocene age) were deposited. The Mead Slope fault is 

shown to cut the Muddy Creek Formation of Pliocene (?) age, and 

its northwesterly side is indicated to be relatively 

downthrown (Longwell, 1963, Plate 1). Moreover, a number of 

earthquake epicenters have been found to be closely associated 

with faults in the vicinity of Fortification Hill (Mead and 

Carder, 1941). The Mead Slope fault is marked by strong 

linear trends of scarps, drainage alignments, and vegetational 

contrasts. Two parallel lineaments were noted from the aerial 

photographs, aerial reconnaissance, and ground reconnaissance. 

The scarps are oriented in a northwest direction and are 

traceable across a gently northwest-sloping, dissected surface 

on the south shore of Lake Mead, just northwest of 

Fortification Hill. The fault cuts northward-dipping 

Tertiary-age fanglomerates, caliche beds, 2.4 to 3m thick, 

that are associated with the upper pediment surface, low 

terrace surfaces, and debris flows in present-day channels.

The fault is exposed in the cliff above Castle Cove and is 

traceable almost continuously for a distance of 3 km across 

the northwest-sioping suface. Scarps are exposed at the north 

end of the northeast projection of the fault across Lake Mead 

towards Hamblin Bay. The northeastern end of the scarp is 

down on the northwest side. The scarp appears to be about 3 m 

in height. The southwestern end of the trace is represented 

along its strike by an eroded trough that contains a 

relatively lower density of basalt cobbles and, in some 

places, exposures of an underlying caliche unit. Stream beds 

appear to have been diverted or displaced along this trough.
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The younger material is on the northwest side of the fault; 

however, the sloping surface on the younger northwestern side 

of the fault where it crosses the second nose of the pediment 

surface to the north of Castle Cove appears to be even with or 

slightly higher than the older material to the southeast. A 

second, less-prominent subparallel feature, marked by a 

vegetational line, is located to the northwest of the main 

trace.

Lime Ridge Area

Longwell (1928) mapped a normal fault along the base of the 

hills east of the lower Virgin River Valley, which is now the 

Overton Arm of Lake Mead (Figure 4-40). This north-south 

trending feature, as mapped, is offset by three northeast- 

striking normal faults, and it forms the boundary between 

Quaternary alluvium and the Callville limestone of 

Pennsylvanian age. The youngest formation offset by this 

fault, as mapped, is the Overton fanglomerate of Miocene age.

A geologic feature reflecting young faulting is located 

between the north-south trending Overton arm of Lake Mead and 

Lime Ridge. This feature shows as two separate subparallel 

lineament trends that are recognizable on 1:80,000 scale black 

and white photographs (Figure 4-42) and during aerial 

reconnaissance. The lineaments trend in a northeast direction 

and are 6 to 8 km in length. They are marked by topographic 

scarps and indicate the boundaries of a graben structure 

across a gently sloping, dissected erosional surface of 

Tertiary deposits. The easternmost scarps are west-facing and 

are higher than the westernmost, which are east-facing. From 

the air, the western-facing scarps appear to be about 3 to 6 m 

high, and the eastern-facing scarps appear to be about 1.5 to 

3 m high. No clear evidence for strike slip movement was 

observed.
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The graben structure is not evidenced south of the westward- 

flowing Quail Springs Wash and not as clearly marked north of 

the westward-flowing Lime Wash. The easternmost scarp appears 

well marked in alluvium and terrace material by a scarp 

crossing the mouth of Lime Canyon. It can be traced for 

several miles to the north as a west-facing scarp. Less well 

defined westward-trending strike slip fault planes may offset 

or terminate the north-trending normal faults.

CONCLUSIONS

Geologic and topographic evidence strongly suggestive of Late 

Cenozoic fault activity was observed at three locations in or 

near the Lake Mead reservoir area. These are: the Railroad 

Flat-Black Mountain area, the Fortification Hill area (Mead 

Slope fault), and the Lime Ridge area. Of these three areas, 

only the Fortification Hill area contains faults that underlie 

the reservoir. However, the other areas are within a few 

kilometers of the reservoir and can reasonably be considered 

to be within its influence.
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5.0 SUMMARY AND CONCLUSIONS

The number of impounded reservoirs having maximum water levels 

greater than 92 m (deep) and/or maximum water volume greater 

than 10 m (very large) has increased from approximately 60 

in 1960 to more than 230 in 1979, and is projected to increase 

to approximately 275 by 1985. Projections from the past 

20 years suggest that at least 10 more cases of reservoir 

induced seismicity is likely to occur prior to 1985 at deep 

and/or very large reservoirs alone. In the past, some RIS 

occurred in areas of low historical seismicity where the 

design of dams had not fully anticipated an earthquake as 

large as that which occurred, and, therefore, the potential 

for damaging reservoir induced earthquakes is also increasing.

The impoundment of many reservoirs has significantly 

influenced the temporal and spatial patterns of earthquake 

occurrence in the vicinity of the reservoir. For some of the 

more than 75 reported cases of reservoir induced seismicity, 

the seismicity is clearly related to reservoir impoundment and 

water fluctuations, whereas for others it is not. For more 

accurate evaluations of the theoretical mechanisms of 

reservoir induced seismicity of the methods to mitigate 

potential effects, or of the prediction of occurrence of 

reservoir induced seismicity, those cases of actual reservoir 

induced seismicity must be distinguished from those cases 

where reported seismicity most likely was not related to the 

reservoir impoundment. In this study, the influence of the 

reservoir on local macro- and micro-seismicity has been 

evaluated for each reported case of reservoir induced 

seismicity. Where post-impoundment seismicity had a 

demonstrable spatial and/or temporal relationship to the 

reservoir, the case for reservoir induced seismicity is
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classified as accepted. Where it was clearly established as 

being unrelated to the reservoir, the case is classified as 

not reservoir induced seismicity. Where the relationship is 

unclear because of insufficient data, the case is classified 

as questionable reservoir induced seismicity. Of the 75 or so 

reported cases of reservoir induced seismicity, 64 were 

considered in our classification; 45 were assessed to have 

accepted reservoir induced seismicity, 7 were assessed not to 

have reservoir induced seismicity, and 12 were assessed as 

questionable. Of these 45 cases of accepted RIS, 16 were 

recognized as accepted reservoir induced seismicity at macro- 

and micro-seismicity levels, 14 were recognized at ^macro 

levels only, and 15 were recognized at micro levels only.

A population of 234 deep and/or very large reservoirs having 

maximum depths greater than 92 m and/or maximum volume greater 

than 1010 m^ was selected to investigate the probability of 

occurrence of reservoir induced seismicity. There are 29 

accepted cases of reservoir induced seismicity among these 

reservoirs and the prior probability of RIS is 0.12. Data on 

the depth, volume, regional stress regime, and predominant 

rock type of reservoir geology were collected for each 

reservoir. Data on active faulting in the vicinity of the 

reservoirs were obtained in some cases, but data were 

insufficient for the statistical analysis. A multivariate 

probabilistic model was constructed for the conditional 

probability of reservoir induced seismicity at a reservoir 

characterized by its depth, volume, stress, rock type, and 

faulting. The analysis suggested a higher occurrence of 

reservoir induced seismicity with increasing depth, with 

increasing volume, among reservoirs with predominantly 

sedimentary rock underlying the reservoir, and among 

reservoirs in a strike-slip (shear) stress regime. Of these 

four variables, depth and volume were most strongly correlated 

with reservoir induced seismicity. A sensitivity analysis
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indicated that these conditional probabilities are very 

sensitive to changes in data classification among the 

reservoir induced seismicity cases because of the relatively 

small size of the reservoir induced seismicity data set. This 

is particularly true for the regional stress regime and 

geology data; therefore no strong conclusions about the 

relationship between reservoir induced seismicity and the 

regional stress regime or geology were drawn.

A review of theoretical models of reservoir induced 

seismicity, including fluid-filled models, show that models 

have been used to successfully predict ground deflection and 

can explain seismicity occurrence during initial filling and 

observed delays in the occurrence of seismicity associated 

with small changes in water level. The fluid-filled models 

allow for much larger stresses to be generated at depth either 

by pressure increase or by zones of low permeability. These 

models also explain the occurrence of seismicity away from the 

center of the reservoir.

Models of the stresses created by the filling of reservoirs 

suggest that reservoir filling does not provide sufficient 

stress to initiate new fracturing and must trigger the release 

of stress along pre-stressed faults. This implies that 

displacements resulting from reservoir induced earthquakes on 

such pre-stressed, tectonically active faults must have 

occurred as a result of the present or active tectonic stress 

regime. The existence of active faults was investigated by 

field reconnaissance at 6 of the 11 reservoirs that had 

induced earthquakes of maximum magnitudes greater than or 

equal to 5. Of these 11 reservoirs, 9 have evidence 

indicating active faulting near the reservoir and two probably 

have active faults, although the evidence is not conclusive. 

The results of these field reconnaissance studies suggest that 

active faults are present within the influence of reservoirs
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that have triggered earthquakes with magnitudes greater than 

or equal to 5 and that these reservoirs have not triggered 

surface displacement along inactive faults.
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APPENDIX A 

DATA FOR RESERVOIRS STUDIED

A.I EXPLANATION

Data have been gathered on all deep (maximum water depth of 

92 m or greater) and/or very large (maximum water volume of 

10^" m^ or greater) reservoirs completed as of the end of 1975 

and for all cases of reservoir induced seismicity (RIS) 

reported as of the end of 1978. These data include reservoir 

size, water impoundment and fluctuation history, regional and 

local geology, stress conditions and faulting, hydrology, and 

seismicity. A full list of the data categories identified for 

compilation is included in Table A-l. Data for some of these 

categories were more readily available, and particular 

emphasis was placed on collecting complete data on regional 

stress, local geology, depth, and volume that could be used in 

statistical analysis. Data collection techniques are 

discussed in Section 2.2 of this report.

The listings of data for each reservoir are arranged in 

alphabetical order, according to dam name. For reservoirs 

v/ith more than one major dam, the data are listed under the 

name of the largest dam; information on other major dams 

associated with a reservoir is provided within the data 

listing under the largest dam.

Certain data entries contain parentheses; these indicate which 

case or numeric entry was selected for comparison with other 

reservoir data. An example is "earth () and rock fill dam 

with concrete gravity spillway"; here, "earth" is selected for 

comparison v/ith other reservoirs.

Reference sources are numbered for each dam listing. These
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reference numbers are keyed to citations in the List of 

References, Section 6 of this report. During this study, 

papers referring to engineering, geologic, and seismologic 

features of reservoirs or regions have been listed under the 

general heading "geologic references."
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TABLE A-l
LIST AND EXPLANATIONS OF 

DATA PARAMETERS

Data Items

RESERVOIR IDENTIFICATION 
AND LOCATION

Dam Name

Reservoir 
name

Country 

River

Location of 
center of 
reservoir

Type of Data* Comments

Location of dam

Province or 
region

Dam type

Lat/Long 
(1/2 way along 
length of 
reservoir from 
dam)

La t/Long

decimal or 
degrees; 
minutes: 
seconds

case

Date dam 
completed

date

gravity
rock
arch
earth
multi-arch

floating point 
number or day- 
-month-year-

r a = primary data, text
N - primary data, numerical value
case = primary data, specific term
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Data Items 

HISTORY OF IMPOUNDMENT

Notes on history ot 
impoundment

Date of start of 
filling

Rate of 
initial 
filling

Years re 
quired from 
initial 
to maximum 
fill

Maximum rate 
of filling

Maximum rate 
of drawdown

Expected fluctua 
tions based on 
primary use

Woodward-Clyde Consultants

A-l (continued) 

Type of Data Comments

include 
degree of 
confidence

date

N

N

N

N

ORIENTATION AND SIZE 

Notes

Orientation of 
reservoir

Structural 
height of dam

Length of dam

Maximum depth of 
reservoir

Reservoir depth (com 
puted from dam height)

direction 

N

N 

N

N

meters/month; 
month is 1/12 
of year

decimal years

meters/month 

meters/month

flood control, 
irrigation, hydro- 
power, public water 
supply; can also 
put in rate or 
volume as long 
form information

height (in meters) from 
lowest foundation

meters 

meters

meters; see Section 2.2.1
for explanation of 

computation procedure
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Data Items

Maximum volume 
of reservoir

Surface area 
of reservoir

Longest dimen 
sion of 
reservoir

Woodward-Clyde Consultants

Table A-l (continued)

Type of Data Comments

GEOLOGY

Notes on regional 
geology

Regional 
geology

Age of 
regional 
geology

Tectonic 
province

Regional stress 
regime

Evidence for 
regional stress 
regime

Confidence in 
regional stress 
regime evaluation

Notes on geology 
site

Site geology

N

N

N

case

case

case

case

meters3 xlo6

kilometers2

kilometers

coarse clastic
fine clastic
carbonate
metamorphic
batholithic
volcanic

Geologic epoch 
or numerical 
age

extensional 
compressional 
shear

measurements 
focal mechanism 
faulting sense 
tectonics

high
medium
low

coarse clastic
fine clastic
carbonate
metamorphic
batholithic
volcanic
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Data Items

Age of site geology

Structural grain 
orientation

Degree of 
detormation

Woodward-Clyde Consultants

A-l (continued) 

Type of Data Comments

a

direction

case

FAULTING

Faulting notes

Predominant fault 
type

a 

case

Azimuth of 
predominant faulting

Dip of predominant 
faulting

Maximum 
length of faults

Dominant 
side up

Predominant 
fracture 
orientation

Location of 
reservoir 
in relation 
to faults

direction

direction

N

direction

direction

case

flatlying 
shallow dipping 
steeply dipping 
vertical 
overturned 
strongly 
deformed

thrust
strike-slip
normal
right-slip
left-slip
reverse
oblique
normal right
normal left
reverse right
reverse left

kilometers

upthrown block 
downthrown block
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Data Items

Name of 
closest known 
fault

Distance to 
closest known 
fault

Age of most 
recent
displacement 
on closest 
known fault

Rate of slip on 
local faults

Activity of 
local faults

Seismicity 
associated 
with faults 
in local area

Woodward-Clyde Consultants

Table A-l (continued)

Type of Data Comments 

a

HYDROLOGY

Notes on hydrology

Permeability 
of rocks

Type of 
permeability

Ground-water 
gradient

Relief

N

N

case

case

a 

case

case

case

case

kilometers

geologic age 
or date

centimeters/year

Yes
No
Unknown

Yes
No
Questionable

low
medium
high
(numeric data
can be
added)

fracture 
intergranular 
cavernous 
impervious

low
medium
high

low
moderate
high
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Table A-l (continued)

Type of Data Comments

SEISMICITY

Seismic province 

Seismic subprovince

Radius of Reservoir 
Local Area

Distance 
from dam 
to nearest 
earthquake 
before 
filling

Distance 
from dam 
to nearest 
earthquake 
after 
filling

Time to first 
earthquake 
after
filling in 
Reservoir 
Local Area

Date of first 
catalog 
entry

Date of last 
catalog 
entry

Maximum 
depth of 
earthquakes 
in province 
before 
reservoir 
impoundment

a
N

a 
N

N 

N

name 
kilometers^, area

name 
kilometers2, area

kilometers2 

kilometers

N kilometers

N decimal years

date

date

N kilometers
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Table A-l (continued) 

Data Items Type of Data Comments

Maximum N kilometers 
depth of 
earthquakes 
in province 
after 
reservoir 
impoundment

Minimum N kilometers 
depth of 
earthquakes 
in province 
before 
reservoir 
impoundment

Minimum N kilometers 
depth of 
earthquakes 
in province 
after 
reservoir 
impoundment

Maximum N kilometers 
depth of 
earthquakes 
in Reservoir 
Local Area 
before 
reservoir 
impoundment

Minimum N kilometers 
depth of 
earthquakes 
in Reservoir 
Local Area 
before 
reservoir 
impoundment

Date of first Date 
suspected RIS 
event

Magnitude of intensity N ML (Richter 
of largest suspected magnitude) 
RIS event
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Data Items

Date of largest sus 
pected RIS event

Mean Event

Number of 
foreshocks 
to largest RIS event

Character of 
foreshocks

Number of 
aftershocks to 
largest RIS event

Character of 
aftershocks

Ne two rk 
history before 
reservoir 
impoundment

Network 
history after 
reservoir 
impoundment

Notes on seismicity 
before impoundment

Notes on seismicity 
after impoundment

Woodward-Clyde Consultants

Table A-l (continued)

Type of Data Comments 

Date

N

N

N

N

N

ML (Richter 
magnitude)

year -1

year -1
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Table A-l (continued)

Data Items Type of Data Comments 

NOTES

General notes a

RIS category case accepted
questionable 
not-accepted

Type of RIS case macro
micro 
macro 
and micro

Geology references N refers to numbers
on List of

Seismology N References 
references

Aril
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A.2

COMPUTER LISTING OF 

RESERVOIRS (alphabetical)
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U
A
T
I
O
N
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m
e
d
i
u
m

N
O
T
E
S
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N
 
S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
D
a
m
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u
n
d
e
r
l
a
i
n
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P
a
l
e
o
z
o
i
c
 
g
n
e
i
s
s
.
 
R
e
s
e
r
v
o
i
r
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u
n
d
e
r
l
a
i
n
 
by
 
t
h
e
 
g
n
e
i
s
s
,
 
P
a
l
e
o
z
o
i
c
 
a
r
g
i
l
l
i
t
e
.
 
P
a
l
e
o
z
o
i
c

M
u
s
c
o
v
i
t
e
 
s
c
h
i
s
t
*
 
a
n
d
 
l
o
c
a
l
l
y
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M
e
s
o
z
o
i
c
 
g
a
b
b
r
o
.

S
I
T
E
 
G
E
O
L
O
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Y
 

: 
M
e
t
a
m
o
r
p
h
i
c

A
G
E
 
O
F
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I
T
E
 
G
E
O
L
O
G
Y
 

: 
P
a
l
e
o
z
o
i
c
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N
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A
U
L
T
I
N
G
 

: 
F
a
u
l
t
 
p
l
a
n
e
 
s
o
l
u
t
i
o
n
s
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r 

1
9
7
4
 
a
f
t
e
r
s
h
o
c
k
 
s
e
q
u
e
n
c
e
 
s
u
g
g
e
s
t
 
l
e
f
t
 
s
l
i
p
 
a
l
o
n
g
 
a 

p
l
a
n
e
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r
i
e
n
t
e
d
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, 
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, 

a
n
d

t
h
r
u
s
t
 
f
a
u
l
t
 
m
o
t
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n
 
a
l
o
n
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p
l
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n
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I
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G
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U
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O
R
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F
 
L
A
R
G
E
S
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S
U
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E
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R
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h
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e
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i
l
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n
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n
f
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u
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R
I
S
 
E
V
E
N
T
 

: 
2
-
A
u
g
-
1
9
7
4

N
O
T
E
S
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c
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c
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c
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c
r
o
s
e
i
*
m
i
c
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.
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c
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c
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R
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c
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c
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c
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c
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.
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p
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O
N
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t
h
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S
i
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n
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T
i
c
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o
 
n
a
p
p
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w
i
t
h
i
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h
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P
e
n
n
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n
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r
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r
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w
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p
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p
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c
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c
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l
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R
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R
E
G
I
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L
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R
E
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S
 
R
E
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I
M
E
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o
m
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r
e
s
s
i
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n
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l
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I
D
E
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E
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O
R
 
R
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O
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A
L
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R
E
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S
 
R
E
G
I
M
E
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t
e
c
t
o
n
i
c
s

C
O
N
F
I
D
E
N
C
E
 
IN

 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 
E
V
A
L
U
A
T
I
O
N
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m
e
d
i
u
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N
O
T
E
S
 
O
N
 
S
I
T
E
 
G
E
O
L
O
G
Y
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G
n
e
i
s
s
/
 
f
o
l
d
e
d
 
a
n
d
 
f
a
u
l
t
e
d
 

T
h
e
 
g
n
e
i
s
s
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d
e
s
c
r
i
b
e
d
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b
e
i
n
g
 
m
e
c
h
a
n
i
c
a
l
l
y
 
c
o
m
p
e
t
e
n
t
.

S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
M
e
t
a
m
o
r
p
h
i
c

A
G
E
 
O
F
 
S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
P
e
r
m
i
a
n

N
O
T
E
S
 
O
N
 
F
A
U
L
T
I
N
G
 

: 
T
w
o
 
f
a
u
l
t
s
 
n
e
a
r
 
B
e
r
z
o
n
a
 
in

 
t
h
e
 
d
a
m
 
a
n
d
 
r
e
s
e
r
v
o
i
r
 
re

gi
on

. 
A
g
e
 
a
n
d
 
t
y
p
e
 
of

 
m
o
s
t
 
r
e
c
e
n
t
 
d
i
s
p
l
a
c
e
m
e
n
t
 
w
e
r
e
 
n
o
t

o
b
t
a
i
n
e
d
.
 
A 

f
a
u
l
t
 
b
e
n
e
a
t
h
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e 
d
a
m
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d
e
s
c
r
i
b
e
d
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b
e
i
n
g
 
h
e
a
l
e
d
 

B
l
o
c
k
 
f
a
u
l
t
i
n
g
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p
o
s
t
-
M
i
o
c
e
n
e
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M
e
s
o
z
o
i
c
 
a
g
e
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p
r
e
s
e
n
t
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t
h
e
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gi
on
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R
E
D
O
M
I
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A
U
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T
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P
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h
r
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s
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Z
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U
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T
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R
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R
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T
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b
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c
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T
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C
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p
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R
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M
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U
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i
c
r
o
s
e
i
s
m
i
c
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t
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r
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i
t
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p
i
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d
i
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n
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t
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F
i
l
l
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n
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i
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.
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n
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r
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r
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r
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e
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r
e
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l
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.
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s
e
l
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n
e
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a
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e
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p
r
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i
m
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o
u
n
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m
e
n
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i
s
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i
c
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r
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i
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: 
15
6.
 

<m
> 

at
 
a
b
o
v
e
 
f
o
u
n
d
a
t
i
o
n

L
E
N
G
T
H
 
O
F
 
D
A
M
 

: 
64

O.
 
m

M
A
X
I
M
U
M
 
D
E
P
T
H
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
11

6.
 O
 
m

R
E
S
E
R
V
O
I
R
 
D
E
P
T
H
 
C
O
M
P
U
T
E
D
 
F
R
O
M
 
D
A
M
 
H
E
I
G
H
T
 

: 
11
6.
 O
O
 
m

M
A
X
I
M
U
M
 
V
O
L
U
M
E
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
93

2.
 
m
3
x
l
O
E
6

L
O
N
G
E
S
T
 
D
I
M
E
N
S
I
O
N
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
1
5
.
0
 
k
m

R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
S
h
e
a
r

E
V
I
D
E
N
C
E
 
F
O
R
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
t
e
c
t
o
n
i
c
s

C
O
N
F
I
D
E
N
C
E
 
I
N
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 
E
V
A
L
U
A
T
I
O
N
 

: 
m
e
d
i
u
m

N
O
T
E
S
 
O
N
 
S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
A
l
l
u
v
i
u
m
 
i
n
c
l
u
d
i
n
g
 
b
o
u
l
d
e
r
y
 
g
r
a
v
e
l
.

G
E
O
L
O
G
Y
 
R
E
F
E
R
E
N
C
E
S
 

: 
4
1
,
1
0
6
,
2
8
9

s
a
n
d
i
 
a
n
d
 
g
r
a
v
e
l
,
 
6
1
 
m
 
t
h
i
c
k

A
-2
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W

oo
dw

ar
d-

C
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on
su

lta
nt

s



T
a
b
k
a

(
T
a
b
g
a
>
 
T
h
a
w
r
a
)

D
A
M
 
N
A
M
E
 

: 
T
a
b
k
a
 

(
T
a
b
g
a
,
 
T
h
a
u
r
a
)

R
E
S
E
R
V
O
I
R
 
N
A
M
E
 

: 
L
a
k
e
 
A
s
s
a
d

C
O
U
N
T
R
Y
 

: 
S
y
r
i
a

R
I
V
E
R
 

: 
E
u
p
h
r
a
t
e
s

L
O
C
A
T
I
O
N
 
O
F
 
C
E
N
T
E
R
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
3
3
.
9
2
N
,
3
8
.
 2
3
E

L
O
C
A
T
I
O
N
 
O
F
 
D
A
M
 

: 
33

. 
8
7
N
,
 3
8.
 5
8
E

P
R
O
V
I
N
C
E
 
O
R
 
R
E
G
I
O
N
 

: 
A
l
e
p
p
o

D
A
M
 
T
Y
P
E
 

: 
E
a
r
t
h

D
A
T
E
 
D
A
M
 
C
O
M
P
L
E
T
E
D
 

: 
1
9
7
6

E
X
P
E
C
T
E
D
 
F
L
U
C
T
U
A
T
I
O
N
S
 
B
A
S
E
D
 
O
N
 
P
R
I
M
A
R
Y
 
U
S
E

O
R
I
E
N
T
A
T
I
O
N
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
N
W

S
T
R
U
C
T
U
R
A
L
 
H
E
I
G
H
T
 
O
F
 
D
A
M
 

: 
6O
. 

m
L
E
N
G
T
H
 
O
F
 
D
A
M
 

: 
4
3
0
0
.
 
m

R
E
S
E
R
V
O
I
R
 
D
E
P
T
H
 
C
O
M
P
U
T
E
D
 
F
R
O
M
 
D
A
M
 
H
E
I
G
H
T
 

: 
37

. 
O
O
 
m

M
A
X
I
M
U
M
 
V
O
L
U
M
E
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
1
4
O
O
O
.
 
m
3
x
l
O
E
6

L
O
N
G
E
S
T
 
D
I
M
E
N
S
I
O
N
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
33

. 
O
 
k
m

R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
S
h
e
a
r

E
V
I
D
E
N
C
E
 
F
O
R
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
t
e
c
t
o
n
i
c
s

C
O
N
F
I
D
E
N
C
E
 
I
N
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 
E
V
A
L
U
A
T
I
O
N
 

: 
m
e
d
i
u
m

G
E
O
L
O
G
Y
 
R
E
F
E
R
E
N
C
E
S
 

: 
1
0
8
,
3
0
6

I
r
r
i
g
a
t
i
o
n
 
<)
» 

h
y
d
r
o
p
o
u
e
r

A
-2
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o
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d
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d
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d
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C
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T
a
c
h
i
e
n

D
A
M
 
N
A
M
E
 

: 
T
a
c
h
i
e
n

R
E
S
E
R
V
O
I
R
 
N
A
M
E
 

: 
T
a
c
h
i
e
n

C
O
U
N
T
R
Y
 

: 
T
a
i
w
a
n

R
I
V
E
R
 

: 
T
a
c
h
i
a

L
O
C
A
T
I
O
N
 
O
F
 
C
E
N
T
E
R
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
2
4
.
2
7
N
,
1
2
1
.
 2
3
E

L
O
C
A
T
I
O
N
 
O
F
 
D
A
M
 

: 
24
. 
2
5
N
,
 1
21

. 
1
6
E

D
A
M
 
T
Y
P
E
 

: 
C
o
n
c
r
e
t
e
 
a
r
c
h

D
A
T
E
 
D
A
M
 
C
O
M
P
L
E
T
E
D
 

: 
1
9
7
4

E
X
P
E
C
T
E
D
 
F
L
U
C
T
U
A
T
I
O
N
S
 
B
A
S
E
D
 
O
N
 
P
R
I
M
A
R
Y
 
U
S
E
 

: 
P
u
b
l
i
c
 
w
a
t
e
r
 
s
u
p
p
l
y

O
R
I
E
N
T
A
T
I
O
N
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
N
6
5
E

S
T
R
U
C
T
U
R
A
L
 
H
E
I
G
H
T
 
O
F
 
D
A
M
 

: 
18
1.
 
m

L
E
N
G
T
H
 
O
F
 
D
A
M
 

: 
23
2.
 
m

M
A
X
I
M
U
M
 
D
E
P
T
H
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
1
7
2
.
0
 
m

R
E
S
E
R
V
O
I
R
 
D
E
P
T
H
 
C
O
M
P
U
T
E
D
 
F
R
O
M
 
D
A
M
 
H
E
I
G
H
T
 

: 
17

2.
 0
0
 
m

M
A
X
I
M
U
M
 
V
O
L
U
M
E
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
23
2.
 
m
3
x
l
O
E
6

S
U
R
F
A
C
E
 
A
R
E
A
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
4.
 S
O
 
k
m
2

L
O
N
G
E
S
T
 
D
I
M
E
N
S
I
O
N
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
1
4
.
0
 
k
m

R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
S
h
e
a
r

E
V
I
D
E
N
C
E
 
F
O
R
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
f
o
c
a
l
 
m
e
c
h
a
n
i
s
m

C
O
N
F
I
D
E
N
C
E
 
I
N
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 
E
V
A
L
U
A
T
I
O
N
 

: 
h
i
g
h

N
O
T
E
S
 
O
N
 
S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
Y
o
n
r
y
o
 
q
u
a
r
t
z
i
t
e
,
 
m
a
s
s
i
v
e
,
 

l
o
c
a
l
 
s
h
a
l
e
 
a
n
d
 
s
l
a
t
e
 
i
n
t
e
r
b
e
d
s
.
 
E
o
c
e
n
e
,
 
a
t
t
i
t
u
d
e
 
N
S
O
W
 
6
0
S
E
.
 

S
u
i
c
h
i
o
r
i
u
 
s
l
a
t
e

2
0
0
0
 
m
 
+.
 
O
l
i
g
o
c
e
n
e

S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
M
e
t
a
m
o
r
p
h
i
c

A
G
E
 
OF

 
S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
E
o
c
e
n
e

O
R
I
E
N
T
A
T
I
O
N
 
O
F
 
S
T
R
U
C
T
U
R
A
L
 
G
R
A
I
N
 

: 
N
S
O
W

D
E
G
R
E
E
 
O
F
 
D
E
F
O
R
M
A
T
I
O
N
 

: 
S
t
e
e
p
l
y
 
d
i
p
p
i
n
g

N
O
T
E
S
 
O
N
 
F
A
U
L
T
I
N
G
 

: 
F
a
u
l
t
 
m
a
p
p
e
d
 
ju
st
 
u
p
s
t
r
e
a
m
 
of

 
da
m.
 
no

t 
t
h
r
o
u
g
h
 
ab

ut
me

nt
. 

C
o
n
t
r
o
l
s
 
c
o
u
r
s
e
 
of
 
ri
ve
r.
 

Ty
pe
, 

ag
e.

 
et
c.
 
un

kn
ow

n.
G
E
O
L
O
G
Y
 
R
E
F
E
R
E
N
C
E
S
 

: 
1
0
8
,
2
3
6
,
4
6
9

A
-
2
4
5

W
oo

dw
ar

d-
C

ly
de

 C
on

su
lt

an
ts



T
a
g
o
k
u
r
a

D
A
M
 
N
A
M
E
 

: 
T
a
g
o
k
u
r
a

C
O
U
N
T
R
Y
 

: 
J
a
p
a
n

R
I
V
E
R
 

: 
T
a
d
a
m
i

P
R
O
V
I
N
C
E
 
O
R
 
R
E
G
I
O
N
 

: 
F
u
k
u
s
h
i
m
a

D
A
M
 
T
Y
P
E
 

: 
G
r
a
v
i
t
y

D
A
T
E
 
D
A
M
 
C
O
M
P
L
E
T
E
D
 

: 
I
9
6
0

E
X
P
E
C
T
E
D
 
F
L
U
C
T
U
A
T
I
O
N
S
 
B
A
S
E
D
 
O
N
 
P
R
I
M
A
R
Y
 
U
S
E
 

: 
H
y
d
r
o
p
o
u
i
e
r

N
O
T
E
S
 
O
N
 
D
A
M
 

: 
D
a
m
 
h
e
i
g
h
t
 
1
2
3
 
m
 
a
b
o
v
e
 
g
r
o
u
n
d

S
T
R
U
C
T
U
R
A
L
 
H
E
I
G
H
T
 
O
F
 
D
A
M
 

: 
14
3.
 

(m
) 

m
 
a
b
o
v
e
 
f
o
u
n
d
a
t
i
o
n

L
E
N
G
T
H
 
O
F
 
D
A
M
 

: 
46
2.
 
m

R
E
S
E
R
V
O
I
R
 
D
E
P
T
H
 
C
O
M
P
U
T
E
D
 
F
R
O
M
 
D
A
M
 
H
E
I
G
H
T
 

: 
12

7.
 O
O
 
m

M
A
X
I
M
U
M
 
V
O
L
U
M
E
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
49

4.
 
m
3
x
l
O
E
6

R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
S
h
e
a
r

E
V
I
D
E
N
C
E
 
F
O
R
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
f
a
u
l
t
i
n
g
 
s
e
n
s
e

C
O
N
F
I
D
E
N
C
E
 
IN

 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 
E
V
A
L
U
A
T
I
O
N
 

: 
m
e
d
i
u
m

N
O
T
E
S
 
O
N
 
S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
P
o
s
t
 
N
e
o
c
e
n
e
 
l
i
p
a
r
i
t
e
,
 
tu
ff
, 

o
t
h
e
r
 
v
o
l
c
a
n
i
c
*

S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
V
o
l
c
a
n
i
c

G
E
O
L
O
G
Y
 
R
E
F
E
R
E
N
C
E
S
 

: 
1
O
6
.
3
4
7

A
-
2
4
6

W
o

o
d

w
ar

d
-C

ly
d

e 
C

on
su

K
an

ts



T
a
t
a
n
e
 
No
. 

1

D
A
M
 
N
A
h
E
 

: 
T
a
k
a
n
e
 
No
. 

1
C
O
U
N
T
R
Y
 

: 
J
a
p
a
n

R
I
V
E
R
 

: 
H
i
d
a

L
O
C
A
T
I
O
N
 
O
F
 
C
E
N
T
E
R
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
36

. 
O6
N,
 1
37

. 
4
2
E

P
R
O
V
I
N
C
E
 
O
R
 
R
E
G
I
O
N
 

: 
G
i
f
u

D
A
M
 
T
Y
P
E
 

: 
C
o
n
c
r
e
t
e
 
d
o
m
e
 
a
r
c
h

D
A
T
E
 
D
A
M
 
C
O
M
P
L
E
T
E
D
 

: 
1
9
6
9

E
X
P
E
C
T
E
D
 
F
L
U
C
T
U
A
T
I
O
N
S
 
B
A
S
E
D
 
O
N
 
P
R
I
M
A
R
Y
 
U
S
E
 

: 
H
y
d
r
o
p
o
w
e
r

S
T
R
U
C
T
U
R
A
L
 
H
E
I
G
H
T
 
O
F
 
D
A
M
 

: 
13
3.
 

(<
n>

 
01
 
a
b
o
v
e
 
l
o
w
e
s
t
 
f
o
u
n
d
a
t
i
o
n

R
E
S
E
R
V
O
I
R
 
D
E
P
T
H
 
C
O
M
P
U
T
E
D
 
F
R
O
M
 
D
A
M
 
H
E
I
G
H
T
 

: 
11

5.
 O
O
 
m

M
A
X
I
M
U
M
 
V
O
L
U
M
E
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
46

. 
m
3
x
l
O
E
6

R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
C
o
m
p
r
e
n
i
o
n
a
l

E
V
I
D
E
N
C
E
 
F
O
R
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
t
e
c
t
o
n
i
c
s

C
O
N
F
I
D
E
N
C
E
 
IN
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 
E
V
A
L
U
A
T
I
O
N
 

: 
l
o
w

N
O
T
E
S
 
O
N
 
S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
C
h
e
r
t
 
a
n
d
 
p
o
r
p
h
y
r
i
t
e

S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
M
e
t
a
m
o
r
p
h
i
c

G
E
O
L
O
G
Y
 
R
E
F
E
R
E
N
C
E
S
 

: 
1
O
7
,
2
3
3

A
-
2
4
7

W
o

o
d

w
ar

d
-C

ly
d

e 
C

on
su

lta
nt

s



T
a
k
a
s
e

D
A
M
 
N
A
M
E
 

: 
T
a
k
a
s
e

C
O
U
N
T
R
Y
 

: 
J
a
p
a
n

R
I
V
E
R
 

: 
T
a
k
a
s
e

L
O
C
A
T
I
O
N
 
O
F
 
C
E
N
T
E
R
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
3
6
.
4
3
N
,
 1
37
. 
T
O
E

D
A
M
 
T
Y
P
E
 

: 
E
a
r
t
h

E
X
P
E
C
T
E
D
 
F
L
U
C
T
U
A
T
I
O
N
S
 
B
A
S
E
D
 
O
N
 
P
R
I
M
A
R
Y
 
U
S
E
 

: 
H
y
d
r
o
p
o
w
e
r

S
T
R
U
C
T
U
R
A
L
 
H
E
I
G
H
T
 
O
F
 
D
A
M
 

. 
17
6.
 
m

M
A
X
I
M
U
M
 
D
E
P
T
H
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
10
5.
 0
 

IB
R
E
S
E
R
V
O
I
R
 
D
E
P
T
H
 
C
O
M
P
U
T
E
D
 
F
R
O
M
 
D
A
M
 
H
E
I
G
H
T
 

: 
10

5.
 0
0
 
m

M
A
X
I
M
U
M
 
V
O
L
U
M
E
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
76

. 
m
3
x
l
O
E
6

S
U
R
F
A
C
E
 
A
R
E
A
 
O
F
 
R
E
S
E
R
V
O
I
R
 

: 
1
.
7
8
 
k<

n2
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
C
o
m
p
r
e
s
s
i
o
n
a
l

E
V
I
D
E
N
C
E
 
F
O
R
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 

: 
t
e
c
t
o
n
i
c
s

C
O
N
F
I
D
E
N
C
E
 
I
N
 
R
E
G
I
O
N
A
L
 
S
T
R
E
S
S
 
R
E
G
I
M
E
 
E
V
A
L
U
A
T
I
O
N
 

: 
l
o
w

N
O
T
E
S
 
O
N
 
S
I
T
E
 
G
E
O
L
O
G
Y
 

: 
J
u
r
a
s
s
i
c
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APPENDIX B 

EARTHQUAKE CATALOGS FOR SELECTED CASES OF REPORTED RIS

B.I INTRODUCTION

The accompanying earthquake catalogs have been produced from the 
Woodward-Clyde Consultants Earthquake Data Bank. The region from 
which earthquake locations have been selected and other selection 
parameters are indicated at the beginning of each catalog.

The earthquake epicenter/hypocenter data presented here have been 
transcribed from one or more of the sources cited on the Source 
Codes list. Every attempt has been made to reproduce this source 
material as accurately as possible. Any questionable data should 
be checked against the original source or through Woodward-Clyde 
Consultants. Please bring any errors to our attention.

It is important to note that the quality of epicenter locations 
is not temporally or spatially consistent from source to source, 
or even within each source. Also, because the data are 
computerized, all latitudes and longitudes are printed in the 
catalog to thousandths of a degree (0.001), regardless of how the 
coordinates were tabulated in the original source. This does not 
imply that the original coordinates reflect that degree of 
accuracy. In most cases, the implicit accuracy is obvious from 
the coordinate. For example, if an original source entry 
latitude were 23N, it would appear in the catalog as 23.000N.
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B.I.I Explanation of Earthquake Catalog Column Headings

CAT. 
NO.

DATA 
DAY-MO-YR

TIME (GMT) 
HR-MIN-SEC

LAT

LONG 

SL

INTEN 
(MM)

MAG

Sequential catalog number assigned to each earth 
quake in each catalog.

Date in Greenwich mean time unless noted otherwise 
in time column (usually as 'LT 1 for local time).

Time in Greenwich mean time unless noted otherwise 
in time column (usually as 'LT' for local time).

Latitude, north or south as noted. When original 
sources have given the latitude or longitude in 
degrees, minutes, and seconds, or as fractions of a 
degree, these have been converted to decimal 
degrees. Although the catalog presents the 
coordinates in thousandths of a degree, this does 
not imply location accuracy to that precision. In 
many cases the implicit accuracy is discernible from 
the coordinate. For example, if a latitude were 
originally reported as 23 1/4 M, the catalog would 
list it as 23.250N.

Longitude, east or west as noted (see note above).

latitude and longitude if different 
source (column "S"). Frequently, only 
is given for an earthquake location in
data. In man such cases the

Source of the
from the main _. _ ,.__.... . . _ _ _ a _. _ _. __^ ,
a place name is given for an earthquake location in 
the original data. In many such cases, the 
coordinates of the place have been assigned 
earthquake by Woodward-Clyde Consultants, 
characters 'W', 'Wl 1 , or 'W2 1 are placed i 
column to indicate the degree of precision

to

cum ce g 
place name location, as follows:

the 
The

placed in this 
precision of the

W nearest hundredth or thousandth degree
Wl nearest tenth degree
W2 nearest half degree.

Maximum intensity, reported on the Modified Mercalli 
Scale of 1931, unless noted otherwise; for example, 
1 RF ' indicates Rossi-Forel intensity scale.

Earthquake magnitude, usually reported as local 
Richter, body wave, or surface wave (see "SM" 
column) .
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SM Source of magnitude, if different from the main 
source (column "S")r or magnitude scale, if known. 
MB « body wave scale. MS = surface wave scale. ML 
- local Richter magnitude. N 1 = magnitude reported 
by NOAA.

H Hypocenter depth, in kilometers. 
(KM)

DIS Epicentral distance from the site in miles or 
(MI) (KM) kilometers, as noted.

Q Epicenter quality indicated as reported in main 
source. These are not quality judgments assigned by 
Woodward-Clyde Consultants unless the main source 
for the event is Woodward-Clyde Consultants.

S Main source for earthquake. For these listings, the 
source generally is either IS (International 
Seismological Centre) or NOAA (National 
Oceanographic and Atmospheric Administration).

COMMENT Source(s) of information from which data entry was 
compiled, as well as notes on damage and number of 
stations used in epicentral solution.

B.I.2 Reporting of Fractional Earthquake Magnitudes

Many early magnitudes in the NOAA and ISC data files were 
originally reported as fractions and have been converted to 
decimal notations. As is the case with coordinate locations, 
these decimal notations do not imply accuracy to the nearest 
hundredth of a unit. For example,

Magnitude originally
___reported as____ Appears as

6-61/4 6.13
6 1/4 6.25
61/4-6 1/2 6.38
6 1/2 6.50
61/2-6 3/4 6.63
6 3/5 6.75
63/4-7 6.88

For any other range, the median value is listed.
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B.I.3 Source Codes Used in Accompanying Catalogs 

ATH Athens Observatory, Athens, Greece

BCIS Bureau Central International de Seismologie, Strasbourg, 
France

BRK Seismograph Stations, University of California, Berkeley, 
California, USA

CGS United States Coast and Geodetic Survey

CLL Collm Berg Observatory, Leipzig, German Democratic 
Republic

COL College Outpost station, Alaska 

EBM Esen Bulak station, Mongolia

GUTE Gutenberg, B., and Richter, C.F., 1954, Seismicity of the 
earth and associated phenomena: Princeton University 
Press, Second Edition, 310 p.

HRB Hurbanovo, Czechoslovakia

ISC International Seismological Centre

ISS International Seismological Summary, Kew, England, UK

KEW Kew, England, UK

LAO LASA Array, Montana, USA

LIS Lisbon, Portugal

LJU Ljubljana, Yugoslavia

LW L'vov, Ukraine, USSR

LWI Lwiro, Zaire

MDD Madrid, Spain

MOS Moscow, USSR

NUR IJurmijarvi, Finland

PAL Lamont-Doherty Geological Observatory, Palisades, New 
York, USA
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PDE Preliminary Determination of Epicenters, published by the 
U.S. Coast and Geodetic Survey

PEK Peking, China

PRA Praha (Prague), Czechoslovakia

QUE Quetta, Pakistan

ROM Rome, Italy

SHL Shillong, India

SPCL Skalnate-Pleso, Czechoslovakia

STR Strasbourg, France

TIR Tirana, Albania

TUL Tulsa, Oklahoma, USA

UPP Uppsala, Sweden

USCGS United States Coast and Geodetic Survey

UZH Uzhgorod, Ukraine, USSR

B.2 EARTHQUAKE CATALOGS

Earthquake catalogs are presented for Kremasta, Porto Colombia, 

Almendra, and Sefid Rud reservoirs. The Kremasta catalog lists 

all earthquakes within three radii (maximum lake dimension) of 

the center of the reservoir. Table B-2 correlates the month of 

occurrence of earthquakes with the distance (in radii) from the 

reservoir center. Earthquakes at Kremasta within three to five 

radii of the reservoir center are omitted from the catalog 

because of the large number of events. The Porto Colombia 

catalog lists the single event within five radii of the reservoir 

center. The Almendra and Sefid Rud catalogs list all events 

within five radii of the reservoir centers. These catalogs 

include both a chronological listing and a listing according to 

distance from the reservoir center.
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TABLE B-l 
SEARCH PARAMETERS FOR EARTHQUAKE CATALOGS

ICremasta 

Porto Colombia 

Volta Grande 

Almendra 

Sefid Rud

Radius 
of 

Search

140 km

150 km

175 km

162 km

175 km

Maximum 
Lake 

Dimension

28 km

30 km

35 km

32.5 km

35 km

Location of Center 
of Reservoir 

Latitude Longitude

38.90N

20.12S

20.14S

41.12N

36.7317

21.53E

48.35W

48.05W

5.16E

49.35E

number of 
Earthquakes 
in Catalog

1307

1

1

11

64

Notes:

Search was conducted within a 140-km-radius around the center of 
Kremasta Reservoir; only those events within 84 km (three times 
maximum lake dimension) are listed in catalog because of the 
large number of events.

o
^ Volta Grande catalog is not provided because it lists same event 

as Porto Colombia catalog.
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TABLE B-2

EXPLANATION OF KREMASTA CATALOG:

CHRONOLOGICAL LISTING OF NUMBERS OF EARTHQUAKES 

WITHIN VARIOUS RADII OF KREMASTA RESERVOIR

Year Month

1925
1932
1938
1941
1943
1945
1946
1947
1948
1948
1948
1949
1949
1951
1951
1951
1952
1952
1952
1953
1953
1963
1953
1953
1953
1954
1954
1954
1954
1954
1954
1954
1955
1955
1955
1955
1955
1956
1956
1956
1957
1957
1957

Jul
Aug
Mar
Mar
Jul
Jan
Nov
Apr
Jan
Apr
Jun
Jun
Oct
Jan
Feb
May
Apr
Aug
Oct
Mar
Aug
Sep
Oct
Nov
Dec
Jan
Apr
May
Jun
Aug
Oct
Dec
Jan
Mar
May
Oct
Dec
Mar
Apr
Dec
Jan
Mar
May

0 - 1RC

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0

1R - 2R*

0
0
0
0
0
0
0
0
0
0
0
0
2
0
1
1
2
0
1
2
0
0
0
2
0
0
0
0
0
0
1
0
4
0
0
0
1
2
0
0
0
0
0

2R - 3RC

1
1
2
1
1
1
1
1
1
2
1
1
0
2
0
1
0
1
0
1

18
5
7
1
2
1
3
6
2
1
0
1
1
2
1
1
0
1
1
2
1
2
2

0 - 3RC

1
1
2
1
1
1
1
1
1
2
1
1
2
2
1
2
2
1
1
3

18
5
7
5
2
1
3
6
2
1
1
1
6
2
1
1
1
3
1
2
1
2
2
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TABLE B-2 (continued)

Year Month

1957
1957
1957
1957
1958
1958
1958
1959
1959
1959
1959
1960
1960
1960
1960
1960
1960
1960
1960
1960
1961
1961
1961
9162
1962
1962
1962
1962
1962
1962
1962
1963
1963
1963
1963
1963
1963
1963
1963
1964
1964
1964
1964
1964
1964
1964
1964
1965
1965

Jun
Sep
Oct
ITov
Feb
May
Aug
Jan
Apr
May
Jun
Jan
Feb
Apr
May
Jun
Jul
Aug
Sep
Nov
Apr
Sep
llov
Jan
Feb
Mar
Apr
May
Jul
Aug
Sep
Jan
Feb
Mar
Apr
May
Jun
Sep
ITov
Jan
Mar
May
Jun
Jul
Sep
Oct
ITov
Jan
Feb

0 - 1R

0
1
0
1
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0

. 3 
0
1
0
1
1
0
2
0
0
1
1
0
0
0
1
0
0
1
0
0
0

1R - 2R

0
0
3
0
1
0
1
0
1
0
1
1
2
0
1
0
0
1
1
0
1
1
1
1
0
0
2
0
1
0
0
0
0
2
1
0
0
0
4
1
2
1
1
0
0
0
0
1
0

2R - 3R

1
0
4
2
0
3
0
0
0
1
0
0
9
1
1
1
1
0
0
5
0
0
1
4
1
0
2
4
3
0
1
0
0
2
1
2
1
0
0
0
0
0
1
2
7
1
2
2
2

0 - 3R

1
1
7
3
1
3
1
1
1
1
1
1

11
1
2
1
1
1
1
5
1
2
2
5
1
1
4
7
4
1
1
1
1
4
4
2
1
1
5
1
2
1
3
2
7
2
2
3
2
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TABLE B-2 (continued)

Year Month

1965
1965
1965
1965
1965
1965
1965
1965
1965
1965
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1966
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1967
1968
1968
1968
1968
1968
1968
1968
1968
1968
1968
1968
1969
1969
1969
1969

Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Hov
Dec
Jan
Feb
Mar
Apr
May
Jul
Aug
Sep
Oct
tlov
Dec
Jan
Feb
Mar
Apr

0 ~ 1R

0
0
0
0
0
0
0
0
0
0

55
18
12
13
11
5
4
8
3
2
0
0
4
0
2
0
0
0
1
0
1
1
2
0
0
1
1
1
1
0
1
0
1
0
4
1
0
1
2

1R - 2R

0
0
0
0
1
1
2
0
0
0

21
50
10
13
17
9

11
11
5
7
4
2

11
3
2
6
4
3
0
1
2
3
0
2
0
2
5
1
0
0
3
0
4
2
4
1
3
1
3

2R - 3R

1
1
1
2
2
1
1
1
1
2
2
8
3
2
8

4
14
1
5
4
5
4
0
1
2

13
3
4
4
4
5
3
2
1
4
0
2
0
3
3
2
1
0
3
2
2
4
3

0 - 3R

1
1
1
2
3
2
3
1
1
2

78
76
25
28
36
19
19
33
9

14
8
7

19
3
5
8

17
6
5
5
7
9
5
4
1
7
6
4
1
3
7
2
6
2

11
4
5
6
8
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TABLE B-2 (continued)

Year Month

1969
1969
1969
1969
1969
1969
1969
1969
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1970
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1972
1973
1973
1973
1973
1973
1973

May
Jun
Jul
Aug
Sep
Oct
ITOV
Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
IIov
Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Jun

0 - 1R

1
1
2
2
2
0
4
0
1
2
0
1
0
1
1
2
1
1
1
0
1
0
1
1
0
0
0
1
0
1
0
1
1
0
0
0
1
1
1
1
1
1
3
0
0
0
0
1
0

1R - 2R

5
1
3
1
2
0
2
2
3
1
0
2
2
3
0
5
1
4
3
1
1
3
2
2
4
3
0
2
0
1
2
1
1
2
8
3
3
6
2
6
2
6
1
4
1
2
0

10
1

2R - 3R

1
1
2
2
2
4
2
2
2
3
2
3
5
7
9
4
2
0
1
2
0
1
1
0
3
2
1
0
2
1
2
1
1
6
4
4
4
3
2
1
1
5
2
3
3
3
3
3
4

0 - 3R

7
3
7
5
6
4
8
4
6
6
2
6
7

11
10
11
4
5
5
3
2
4
4
3
7
5
1
3
2
3
4
3
3
8

12
7
8

10
5
8
4

12
6
7
4
5
3

14
5
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TABLE B-2 (continued)

Year

1973
1973
1973
1973
1973
1973
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1974
1975
1975
1975
1975
1975
1975
1975
1975
1975
1975

Month

Jul 
Aug 
Sep 
Oct 
Nov 
Dec 
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct
nov 
Dec 
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct

Cumulative

0 - 1R

0
1
1
2
2
2
0
1
1
1
4
2
1
1
0
0
1
0
2
0
0
0
0
1
2
1
0
0

242

1R - 2R

5
3
4
0
1
1
2
3
2
2
3
2
1
0
1
4
3
3
4
1
2
2
1

19
28
0
4
1

505

2R - 3R

5
1
4
2
3
1
5
1
1
3
0

10
10
4
5
4
5
7
4
1
4
3
6

10
22
7
9
4

560

0 - 3R

10
5
9
4
6
4
7
5
4
6
7

14
12
5
6
8
9

10
10
2
6
5
7

30
52
8

13
5

1307

notes:

a Number of earthquakes during month within one radius (lake dimen- 
sion) from center of reservoir.
Number of earthquakes during month between one and two radii from 
center of reservoir.

c Number of earthquakes during month between two and three radii from 
center of reservoir.

j
Total number of earthquakes during month within three radii of center 
of reservoir.
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B.2.2 Porto Columbia Catalog

This catalog lists the one earthquake reported by ISC within 
150 km of Porto Colombia reservoir, the center of which is 
located at 20.12S, 48.35W. This is also the only event within 
175 km of Volta Grande reservoir, the center of which is located 
at 20.14S, 48.05W.

The radius (longest reservoir dimension) for Porto Colombia is 
30 km, and that for Volta Grande is 35 km (Figure 2-3).

B.2.3 Almendara Catalog

This catalog lists all earthquakes reported by ISC within 162 km 
of the center of Almendra (Torraes) reservoir, which is located at 
41.121T, 5.16E. The radius (longest reservoir dimension) is 
32.5 km for this reservoir (Figure 2-5).

B.2.4 Sefid Rud Catalog

This catalog lists all earthquakes reported by ISC within 175 km 
of the center of Sefid Rud reservoir, which is located at 36.73H, 
49.35E. The radius (longest reservoir dimension) is 35 km 
(Figure 2-8).
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