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1.0 INTRCDUCTION

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 1local earthquakes. Since that time, such
relationships have been recognized for other reservoirs around
the world. The mnost commonly cited examples are Fariba in
Africa, Foyna in India, and Kremasta in Greece. PRy 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 1is an
increasinglvy 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
(volune  greater than 1010 m3) is rapidly increasing
(Figure 1-3). This curve 1is 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 mininun
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TABLE 1-1
REPORTED CASES OF RESERVOIR INDUCED SEISMICITY

country

Ghana
Spain
Yugoslavia
New Zealand
Australia
usa

Brazil
Spain
Spain

usa
Switzerland
Usa

Spain
Switzerland
Australia
usa

India
Yugoslavia
France
South Africa
UsSAa

Zambia

JUSA

Japan
Zambia/Rhodesia
Greece
Tuctkey

USA

india
India
Greece
Japaa
Spain
Spain
india
Pakistan
Canada
Greece
Canada
France
India

USSR

Usa
Algeria
USA

India
ltaly
Italy
Braz:il

usa

Usa

Usa
Austria
Iran

India

USAa

India
Australia
India
Iraly
Braz:l
France
Australia
China

Classification of RIS

Accepted, macro

Accepted, micro

Accepted, micro

Accepted, macro and micro
Accepred, macro and micro
Not RIS

Questionable

Accepted, macro -
Accepted, macro

Accepted, micro {macro?)
Accepted, micro

Accepted, macro

Not RI3

Accepted, micro

Accepted, macro

Accepted, mictro
Questionadle

Accepted, micTd

Accepted, macro and micro
Accepted, micro

Accepted, macro and micro
Accepted, macro

Accepted, macro and amicro
Accepted, micrc

Acceptred, nacro 2nd maicro
Accepred, nacro

Accepted, micro

Accepted, macro
Questionanle

Accepted, macro and micro
Accepted, macro and micro
Accepted, macre and micro
Questionadle

Questicnavle

Questionadie

ot RIS

Accepted, macre and 1Cro
Accepted, macro

tiot RIS

Accepted, macro

Accepted, micro

Acceptred, macro and micro
Accepted, macro

Accepted, micro

Accepted, micro
Questionable

Accepted, macro and micro
Accepted, macro and micro
Accepted, macro

dotr. RIS

Not RIS

tiot RIS

Accepted, micro
Questionable

Questionaole

Accepred, micro
Questionable

Accepted, macro and micro
Questionable

Accepted, micro

Accepred, macro

Accepted, macro
Questionable

Accepced, macro and micrto

Magnitude Largest
RIS Event

Iatensity Y
less than 2
less than 3
S (2)

3.5
approx. 4
4.1

4.7

4.3 (?)
less than
S.2

w

w

less than
5 ()

2.8

legs than 3
Intensity V
less than 2
5.0

4 or less {?)
3.2

less tPhan
6.25

4.6

less than 3
4.9

w

4.1

3.75
Intensity VII
less than 1

4.5

5.7

less than 3
3.7 (?)

4.4

Inrengity V

legs than 2

less than 3]

less than 3
less than 4

*Numoers currespond to bers on Figure l-2; Kinarsani ana Sharavachi are uaplotzt:d bSeczuse 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 S5-year
projection of the curve showing the occurrence of RIS for deep
and/or very large reservoirs over the past 20 vears (shown on
Figure 3-1) suggests that, among these reservoirs,
approximately 10 more cases of RIS are likely to occur. The 4
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 1low 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 FEarthquake
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) 1is 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. Cne 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.
Fur thermore, the scope of this study did not allow evaluation
of wvhether 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 seisnic

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 1literature 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 10lo m3

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 1local geology, stress conditions and
faulting, hydrology, and seismicity. A complete list of these
parameters is presented in Table A-1 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 repcrt 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 Simpson (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 1line

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 dan
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 1is 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 1local 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, 1is indicated for each reservoir. The
highest 1levels of confidence are applied to those cases 1in
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 1in shield areas for which
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 vielded 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 1in
which a circle is projected about the center of the reservoir,

13
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with the radius equal to the 1longest dimension of the
reservoir. This circle 1is 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 stvle 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 1large amount of stress
accunulation would more 1likely 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. FHowever, 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
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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' Earthquake Data Bank, included the International
Seismological Centre (ISC) and the lMational 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 MNOAA 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
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energy release were discontinued as the data were collected
because such evaluations were found not to be feasible for two

reasons:

l. 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 1if 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

wvere 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.

17
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The 1increased resolution and detection capabilities of
worldwide seismic networks over the past few vyears,
particularly since 1964, has considerably improved the quality
of data reported in the ISC and MNOAA 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

18
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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 macroseismicityv and
the microseismicity of the reservoir 1local 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). Microseismic 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 1local
area. The third criterion considered was the temporal
relationship of the post-impoundment seismicity to water
fluctuations: whether the 1local 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 1in
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. o
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 times, quite complicated. Because of 1location
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 1is available in the 1literature 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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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 occuring 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 1in the literature.
Similarly, where detailed microseismic data and water level
histories are available, the relationship between 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 1is inferred when the initial
impoundment of a reservoir is accompanied or quickly followed
by an increase 1in 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 water level
fluctuations, or when the spatial association of
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post-impoundnent 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/Yastraki - Kremasta reservoir and Kastraki reservoir

(downstream from Kremasta) are located in southern Greece on
the Acheloos River (Figure 1l-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 FKremasta/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
lephallenia 1island, 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, My 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 1in seismicity, the record of felt reports for the
‘remasta/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;
Dr akopoulos, 1974). '

Following the early 1969 impoundment of Kastraki reservoir, an
increase in 1local macroearthquake activity was reported
(Drakopoulos, 1974; Bozovic, 1974); however, this increase was
less pronounced than that at Kremasta and 1is not clearly
illustrated on 1ISC records (Appendix B; Figure 2-2). These
post-impoundment events in the FKremasta/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

26



120 + +120
€ 1004 +
Q
: G
- 80 4+ - 80 -
a £
= [~8
c
g 60+ + 4
uw -
- ]
Q ]
[ 40 + -+ 40 ;
2
g
2 20+ +

19564 19SS 1956 1957 1958 1959 1960 1961 1962 1963 1964r

Water Level, Kremasta

120 + +120

<
*g-' 100 + 4
E ','\-——-——-——————_—._—4- — —
?g 80 + | Water Level, Kastraki +80 E
«w l 5
< a
§ 60 -+ ” S 3
m 3
s | 5

40 + +40 =
] |
2 n
£ I
> 20+ +

I ..é"?%*-ﬂ:'u'.-llmll-.,n._ soliaognle o cdalieraliml] i
1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975

EXPLANATION:
@ @ Number of earthquakes within three radii of center of reservoir
@ @ Number of earthquakes between one and three radii of center of reservoir
@ @ Number of earthquakes within one radius of center of reservoir

— Actual water level

—_—— Assumed water level )
Note: Radius of 28.0 km for Kremasta reservoir

Sourog: Water level histories from Bozovic (1974)

HISTOGRAM OF EARTHQUAKES
AND WATER LEVEL HISTORIES
VICINITY OF KREMASTA-KASTRAKI

Greece

Project No. 14087A Figure 2-2

Woodward-Clyde Consuitants Page 27




Woodward-Clyde Consultants

particularly strongly related to initial impoundment.
Subsequent post-impoundment macroseismic activity was not
clearly correlated with changes in water level.

The FKephallenia seismograph station detected post-impoundment
earthquakes in the FKremasta/Kastraki area with magnitudes as
low as M; 2. The first small-magnitude local earthquakes at
the Kremasté 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 Crande

reservoirs are located in Minas Gerais, Brazil, on the Grande
River, approximately 400 km nor thwest 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). o 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 1is considered a weal but accepted case of macro RIS.
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Almendra - Almendra (or Tormes) reservoir 1is 1located in
western Spain near the Portuguese border (Figure 1l-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 (Figqure 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 MNovember 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 1level decreased, microseismic activity
also lessened. All events were within 25 km of the dam; most
were 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 1is 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, 1igneous, 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 dl
means very deep, state d, means deep, and state d5 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 dl). 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 such 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 FOP ACCEPTED PIS
AND MOT-ACCEPTED RIS, BASED ON DEEP, VERY DEEP,
AND/OR VERY LAPGE RESERVOIR DATA.

State

Number of

Reservoirs 1 2 3
Accepted RIS?
Depth 29 10 (0.34) 18 (0.62) . 1 (0.03)
Volume 29 7 (0.24) 11 (0.38) 11 (0.38)
Stress State 29 4 (0.14) 18 (0.62) 7 (0.24)
Fault Activity 7 7 (1.00) 0 (0.00)
Geology 28 13 (0.46) 8 (0.29) 7 (0.25)
Not-Accepted PIS?
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)

8The 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, BASED ON DEEP AND VERY DEEP
RESEP.VOIR DATA.

State

Number of

Reservoirs 1 2 3
Accepted RISZ
Depth 28 10 (0.36) 18 (0.64) 0
Volume 28 6 (0.22) 11 (0.39) 11 (0.39)
Stress State 28 4 (0.14) 18 (0.64) 6 (0.22)
Fault Activity 6 6 (1.00) 0 (0.00)
Ceology 27 13 (0.48) 8 (0.30) 6 (0.22)
Not-Accepted RIS?
Depth 171 27 (0.16) 144 (0.84) 0
Volume 171 18 (0.11) 36 (0.21) 117 (0.68)
Stress State 171 33 (0.19) 109 (0.64) 29 (0.17)
Fault Activity 6 4 (0.67) 2 (0.33)
Geology 143 44 (0.31) 60 (0.42) 39 (0.27)

8The 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, 1is 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 - ﬁ is 0.66. Since n 1is 29, the variance
associated with this estimate of p is

A (0.34)(0.66)

vV [p] 55 0.0077

[}

The standard deviation, which 1is 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 vyield
estimates where 6 equals zero. For example, for those seven
accepted RIS cases having data on fault activity, all seven
were "active" (f;). Therefore, ﬁ(leRIS) = 0, and V[ﬁ] = 0.
This 1is 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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TARLE 2-4: SAMPLINC VARIANCE OF ATTPIBUTE LIKELIHOODS.Z2

State

1 2 3
RIS Data (x 1073)
Depth 7.8 (8.2) 8.1 (8.2) 1.0
Volume 6.3 (5.9) 8.1 (8.5) 8.1 (8.5)
Stress State 4.2 (4.3) 8.1 (8.2) 6.3 (6.1)
Fault Activity - -
Geology 8.9 (9.2) 7.4 (7.8) 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 l.4 (1.5) 1.4 (1.7) 1.2 (1.4)

2Numbers in parentheses refer to. the data set on deep and very
deep reservoirs. MNumbers 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 ﬁ‘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 1is 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 1is 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.
Volume
Depth VL Vz Vl ni
dl 4 (3.93) 3 (3.93) 3 (2.14) 10
dz 7 (7.07) 8 (7.07) 3 (3.86) 18
nj 11 11 6 N=28

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

ny = Observed total number in row

nj = 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
nunber 1s shown 1in 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 (x2) goodness~of-fit test.
If the attributes were independent, %the dJdeviations 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 ccrrelated. Cne Chi-square test involves the
quantity
[ n; > ns, |
7T(ni> i 7T(nj) .
y = =2 log 1 B (1)
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where y is a "statistic" of the data,

3

is the number of occurrences in cell ij of the
table,

i3

nj is the number of occurrences along the row i,

ny is the number of occurrences along the column
I

N is the total number of occurrences,

r is the number of rows,

is the number of columns.

If the attributes were independent, the quantity would be
distributed as a Chi-squared distribution with [(r-1)(s-1)]
degrees of freedom. Thus, the observed value of this
statistic can be compared with published tables on x2 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. Two degrees of freedom
are associated with this test; from a Chi-squared table, when
x2 has two degrees of freedom, it 1is 1less than 5.99 for
95 percent of the time. Hence, it 1is wunlikely 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 weakly supported in the discrete data.
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TABLE 2-6: TEST OF INDEPENDENCE IN CONTINCENCY TABLES.

x2 Statistics for Discrete Attribute Combinations?

Depth Volume Stress Faulting Geology

Depth 4,6 (2) 4.9 (4) - 5.7 (4)

Mot
Volume 0.38 (2) 5.7 (&) - 4,5 (4) Accepted
Stress 0.60 (4) 2.38 (4) 4,4 (4) RIS
Faulting - - - Cases

Geology 2,7 (4) 0.63 (4) 1.8 (&)

Accepted RIS Cases

2 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 Pegression Analysis on Continuous Data

Accepted RIS Case Mot-Accepted PIS Case
0.07 for 28 reservoirs 0.22 for 172 reservoirs
t26 = 0.36 t170 = 2-94
not significant at 95% 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 1local 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: ILLUSTPATIONM FOR DEPTH/VOLUME CORRELATION OF
MACPOSEISMIC VERSUS MICROSEISMIC EVENTS.

Macroseismic Microseismic

dl 1 0 3 dl 3 1 1

d2 4 7 3 d2 1 1 0

d3 5 2 1 d3 3 2 0
V3 V2 Vl V3 V2 VI

(nijk - Nkpipj)Z

ZZZ ~ [/ x2% (r-1)(s-1)2
1 3 k

where:
r = number of rows
s = number of columms
k = 1 for macroseismic data
k = 2 for microseismic data

N4k = number of occurrences in cell ij, table k

044k
Py = 2 Z = fraction of all data in all tables k
k j N that have attribute state 1i.
0ijk
Py = DD = fraction of all data in all tables k
k 1 N that have attribute state j

Nk = 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: X% FOR MACROSEISMIC VERSUS MICROSEISMIC DATA.2

x2
depth -« volume 10.04
depth - stress 11,18
depth - faulting (b)
depth - geology 9.69
volume - stress 7.96
volume ~ faulting (b)
volume - geology 9.64
stress = faulting (b)
stress - geology 6.52
faulting - geology (b)

3Fight 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.

bNot analyzed because of lack of data.
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2.4.5 Shallow Compared to LCeep 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 1likelihood 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 Reservoirs

83
82

V3
V2

0 1 2
2 1

0 2 1
g1 82 83
3 3 2
1

0 0 1
g1 82 83
6 2

0

0 1
81 Sz 83

Woodward-Clyde Consultants

Deep/Very Deep Peservoirs

S3
S2
81

v3
V2
V1

V3
Vo
V1

2 1 2 'G
8 3 5 X2 (902)
2 2 0 X2 (95%)
g1 8 83
5 1 X2
3 3 X2 (902)
4 2 1 X2 (952)
g1 82 83

0 7 2 X2

2 X2 (90%)
3 3 1 X2 (95%)
Sl 52 33

(continued)

SHALLOW COMPARED TO DEEP AND VERY DEEP RIS RESERVOIRS.

10.55
13.4
15.5

7.32
13.4
15.5

20.28
13.4
15.5
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TABLE 2-9:

Single Attribute Differences

(continued)

81
82
83

V3
V2
Vi

g2
g1

Woodward-Clyde Consultants

Shallow Deep/Very Deep
3 4
7 16 X2 = 0.42
3 5 X2 (902) = 7.8
8 9
4 9 X2 = 3.44
1 7 X2 (90Z) = 7.8
4 12

6 X2 = 1.38
4 7 X2 (90%7) = 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 anhalyzed: 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' Theorem:

P(RIS)P(d; |RIS)

P(RIS|d;) = — — (2)
P(RIS) P(d;|RIS) + P(RIS) P(d;|RIS)

where dj is th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>