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PREFACE

This interim report presents the results of the seismic studies con

ducted during 1980 for the Preliminary Feasibility Study of the proposed

Susitna Hydroelectric Project site. These studies include geologic

evaluat ion of faults and 1ineaments, an historical and microearthquake

seismicity study, and pre1 iminary estimation of ground motions. The

results of this interim report are being used as the basis for seismic

geology and ground motion studies which are scheduled for 1981.

The report inc 1udes 14 sect ions wh i ch summar i ze the resu lt s of the

studies to date. The eight appendices present support data for the

interpretations and conclusions presented in Sections 1 through 14.

Tables and figures appear at the end of each section and appendix.

Measurements reported in this volume typically were made in the metric

system and then convprted to the English system. For these conversions,

the measurements reported in the Eng1 ish system are rounded off t.o the

nearest single unit (e. g., 70 km converts to 43 miles) even when in the

context of the sentence the conversion should be rounded off to the

nearest ten units (e. g., 70 km converted to 40 miles). This was done

to retain the original number used to make the conversion. Conversely,

some measurements were made us i ng the Engl ish system; in th i s case, the

conversion to the metric system also has been rounded off to the nearest

single unit. Both sets of numbers have been presented for the conven

ience of the reader.
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DEFINITIDN DF KEY TERMS

Site Region:

Project Area:

Devil Canyon Area:

Devil Canyon Site:

Devil Canyon Reservoir:

Watana Area:

Watana Site:

Watana Reservoir:

The area within a 62-mile (lDD-km)
radius about either site.

This generally includes the Devil
Canyon and Watana areas and the
region in between.

The area within a 6-mile (lD-km)
rad ius about the Dev i1 Canyon site.

The presently proposed location of
the Devil Canyon Dam and related
facil it ies.

The area of the Sus itna River
ups tream from the proposed Dev i 1

Canyon site which will be inundated
by impoundment by the dam.

The area within a 6-mile (lD-km)
radius about the Watana site.

The presently proposed location
of the Watana Dam and related
fac il it ies.

The area of the Susitna River up
stream from the proposed Watana
site which will be inundated by

impoundment by the dam.



DEFINITION OF KEY TERMS (CONTINUED)

Microearthquake Study Area: The area in which microearthquake

monitoring was conducted in 1980.

The boundaries are 62.3" to 63.3"

north latitude and 147.5" to 150.4"

west longitude.
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1 - SUMMARY

1.1 - Project Description

The Susitna Hydroelectric Project as currently proposed involves two

dams and reservoirs on the Susitna River in the Talkeetna Mountains of
southcentra1 Alaska. The Project is approximately 50 miles (SO km)

northeast of Talkeetna, Alaska and lIS miles (190 km) north-northeast of
Anchorage, Alaska (Figures 1-1 and 1-2). The downstream dam at Devil

Canyon (62.S' north latitude, 149.3' west longitude) is currently being
considered as an arch dam approximately 635 feet (194 m) high. It would

impound a 2S-mi1e- (45-km-) long reservoir with a capacity of approx
imately 1,050,000 acre feet (1,296 x 106m3). The upstream dam, Watana

(62.S' north latitude, 14S.6' west longitude), is currently being

considered as an earthfi11 or rockfi11 dam, approximately S10 feet (247

m) high. It would impound a 54-mile- (S7-km-) long reservoir with a
capacity of approximately 9,624,000 acre feet (11,S76 x 106m3).

These dimensions are approximate and subject to revision during desiqn
of the pro·ect. Collectively, the proposed dams and related structures

will be referrec 'n as the Project.

This report is part of a tl!asibil ity study being managed and conducted
by Acres American Inc. for the Alaska Power Authority. The investiga

tion conducted to date has involved the first year of a planned two-year
study (19S0 and 1981). The purpose of this report is to summarize the

results of the seismic geology, seismology, and earthquake ground motion

investigation conducted during the 1980 study.

The primary objectives of this investigation have been to identify

faults which have the potential for surface rupture through the Project

and to make a pre1 iminary estimate of earthquake ground motions which

1 - 1



would be applicable to preliminary feasibility level decisions for the

project. Using the results of the investigation to date, a study plan

for the 1981 investigation has also been developed.

The 1980 investigation has included: review of available geologic and

seismologic literature and data; monitoring of microearthquake activity

for three months within approximately 30 miles (48 km) of either

proposed dam s He with a 10-stat ion microearthquake network; a pre

liminary review of the potential for reservoir-induced seismicity;

interpretation of existing remotely sensed data; a 10 person-month

geologic field reconnaissance of mapped faults and lineaments within 62

miles (100 km) of the Project; analysis and interpretation of these

data; and a prel iminary estimate of potential earthquake ground motions

for the project.

The review of geologic and seismologic data and the interpretation of

remotely sensed data were conducted in the winter and spring of 1980.

The mi croearthquake mO'l i tor i ng and geo log i c field reconna i ssance were

conducted in the summer and early fa 11, 1980. In the wi nter of 1ate

1980, the ground mot i on stud i es were conducted and anal ys i s of the

data, including the preliminary assessment of the potential for reser

voir-induced seismicity, was completed. Approximately 25 geologists,

seismologists, and earthquake engineers have had a direct involve

ment with the study to date.

This section summarizes the results presented in this report; thus,

full development of concepts, data, and bases for interpretations have

been abstracted or deleted in the interest of brevity. Consequently,

concepts, interpretations, and conclusions are intended to be read and

understood within the context of corresponding sections in the text.
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1.2 - Conceptual Approach

According to present understanding of plate tectonics, the earth's
lithosphere, which contains the brittle 12 to 19 miles (20 to 30 km) or
so of more rigid crust, overl ies the denser and more viscous mantle.
Observed major horizontal movements of the crustal plates are considered
to be related to, or caused by, thermal convective processes within the
mantle.

Within this plate-tectonic framework, faults that have the poten
tial for generating earthquakes have had recent displacement and may be
subject to repeated displacements as long as they are in the same
tectonic stress regime. In regions of plate collision such as Alaska,
the tectonic stress regime is the result of one plate being subducted,
or underthrust, beneath the adjacent plate. Within this environment,
primary rupture along fault planes can occur: within the downgoing
plate where it is decoup 1ed from the upper plate; along the interf ace

between the upper and lower plates where they move past each other; and
within the overriding plate. In the site region, faults with recent

displacement are present in the overriding (upper) plate and at depth in
the downgoing plate where it is decoupled from the upper plate.

Faults with recent displacement in the downgoing plate and in the upper

plate can generate earthquakes which result in ground mot ions at the
surface. These earthquakes are cons idered for se ismic des ign purposes.
The faults in the downgoing plate are considered not to have the
potential for surface rupture. In the upper plate, if the rupture that

occurs on these faults is relatively small and relatively deep, th~n

rupture at the ground surface is 1ikely not to occur. If the rupture
along the fault plane is at sufficiently shallow depth Clnd is suf
ficiently large, then surface rupture can occur.
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Criteria for establishing guidelines to define what is considered
"recent displacement" have been developed by Acres American Inc. and are
presented in Sect ion 3. According to the-se criteria. faults that have
been subject to surface displacement within approximately the past
100,000 years are classified as having recent displacement.

Inherent with this concept of "fault with recent displacement" is the
basic premise that faults without recent displacement will not have

surface rupture nor be a source of earthquakes. Faults without recent
displacement (as determined during this investigation) are considered to

be of no additional importance to Project feasibility and dam design.

1.3 - Method of Study

The application of the "fault with recent displacement" concept for this

investigation involved:

(a) Identification of all faults and lineaments in the site region that
had been reported in the literature and/or were observable on

remotely sensed data.

(b) Selection of faults and lineaments of potential significance in
developing design considerations for the Project, from the stand
point of seismic source potential and/or potential surface rupture

through a site. These faults and 1ineaments were selected using
the length-distance criteria described in Section 3. These 216
faults and lineaments were designated as candidate features.

(c) Evaluation of the 216 candidate features during the geologic field
reconnaissance studies. On the basis of this field work, the
microearthquake data, and application of the preliminary sig

nificance criteria described in Section 8, 48 faults and lineaments
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were designated as candidate significant features. These features

were subjected to additional evaluation using refined analyses, as

described in (d) below, to select those features of potential

significance to Project design considerations.

(d) Refinement of the evaluation process, using the significance

criteria which are summarized in Section 1.6. On the basis of this

evaluation, 13 significant features were selected for continued

studies in 1981.

1.4 - Tectonic Model

An understanding of the regional geologic and tectonic frcrnework is

essent ia1 for: the assessment of fault act ivity; est imat ion of pre

1im inary max imum cred i b1e earthquakes; eva1uat ion of the potent i a1 for

surface fault rupture; and evaluation of the potential for reservoir

induced seismicity.

The site region is located within a tectonic unit defined here as the

Talkeetna Terrain. The ferrain boundaries are the Oena1i-Totschunda

fault to the north and east, the Castle Mountain fault to the south, a

broad zone of deformation with volcanoes to the west, and the Benioff

zone at depth. All of the boundaries are (or contain) faults with

recent displacement except for the western boundary which is primarily a

zone of uplift marked by Cenozoic age volcanoes. The Terrain is part of

the North American plate (as discussed in Section 5 and shown in Figure

5-1).

Pre1 iminary results of this study suggest that the Talkeetna Terrain

is a relatively stable tectonic unit with major strain release occurring

along its boundaries. This conclusion is based on: the evidence for

recent displacement along the Oena1i-Totschunda and Castle Mountain
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faults and the Benioff zone; the absence of major historical earth

quakes within the Terrain; and the absence of faults within the Terrain
that clearly ha~e e~idence of recent displacement. As discussed below,

none of the faults and lineaments obser~ed within the Talkeetna Terrain
were obser~ed to ha~e strong e~idence of recent displacement.

Strain accumulation and resultant release appears to be occurring

primarily along the margins of the Terrain. Some compression-related
crustal adjustment within the Terrain is probably occurring as a result

of the proposed plate mo~ement and the stresses related to the subduc

tion zone.

This tectonic model is pr2liminary. It is intended to ser~e as a

guidE to understanding tectonic and seismologic conditions in the site
region. As additional data are obtained, the model may be refined;

howe~er, these refinements are not expected to result in major changes

in the model or its interpretations.

1.5 - Candidate Significant Features

As discussed in Section 1.3, a total of 4B candidate significant fea
tures were identified in the site region on the basis of the initial

length-distance screening criteria, their proximity to the site, their
classification in the field, and application of preliminary significance

screening criteria. These features and their characteristics are

summarized in Table 8-2.

Candidate significant features are those faults and lineaments which on

the basis of a~ailable data at the end of the field reconnaissance, were
considered to ha~e a potential effect on Project design. SUbsequent

e~aluation, using a refined, systematic ranking methodology, resulted in

the identification of the significant features discussed below in

Section 1.6.
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1.6 - Significant Features

The 48 candidate significant features were subsequently evaluated by

mak ing detailed analyses regarding their seismic source potent ial and

surface rupture potential at either site. For the evaluation of

seismic source potent ial, the analyses included: an assessment of the

likelihood that a feature is a fault with recent displacement; an esti

mat ion of the pre1im i nary max imum cred i b1e earthquake th at cou 1d be

associated with the feature; and an evaluation of the peak bedrock ac

celerations that would be generated by the preliminary maximum credible

earthquake at either site.

To eva 1uate the potent i a1 for surf ace rupture at either dam site, the

analyses included: an assessment of the likelihood that a feature is a

fault with recent displacement; an assessment of the likelihood that a

feature passes through either site; and an evaluat ion of the maximum

amount of displacement that could occur along the feature during a

single event (e. g., the preliminary maximum credible earthquake).

Our evaluation of the 48 candidate significant faults, applying the

judgments described above, resulted in the selection of 13 features,

designated significant features, that should have additional studies to

understand and more fu 11 y evaluate the irs ign if ic ance to the Project.

Of these 13 features, four are in the vicinity of the Watana site

including the Talkeetna thrust fault (KC4-1l, Susitna feature (KD3-3),

Fins feature (KD4-27), and lineament KD3-7 Nine of the features are

in the vicinity of the Devil Canyon site including an unnamed fault

(designated KD5-2), and lineaments KC5-5. KD5-3. KD5-9. KD5-12, KD5-42,

KD5-43, KD5-44. and KD-45 (the alpha-numeric symbol (e. g., KC4-1) has

been assigned to each fault and lineament using procedures discussed in

Appendix A). The characteristics of these features are described in

Section 8.5 and their locations are shown in Figures 8.2 through 8.5.
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None of these signficant features are known to be faults with recent

displacement; rather, the significant features are those for which

additional data are required to preclude recent displacement along a

fault. The significant features are not known to be accepted seismic

sources with recent disp:acement; however, additional data are needed to

confirm this judgment.

1.7 - Seismicity

Historical earthquake activity within 200 miles (322 km) of the Project

is associated with displacement along crustal faults in the upper plate

(as discussed in Section 1.2 above) and with the subducting (downgoing)

plate. The largest earthquake within 200 miles (322 km) of the Project

is the 1964 Prince William Sound earthquake of magnitude (Ms ) 8.4.

This earthquake occurred outside the Talkeetna Terrain on the interface

between the Wrangell 8lock in the North American Plate and the Pacific

Plate (Figure 4-1); the associated r ,lture and deformation extended to

within approximately 88 miles (140 km) of the Project.

Within the site region (62 miles (100 km) from the Project), the level

of seismicity on the Benioff zone is at least several times greater

than that of the crustal region. The larger historical earthquakes

(M s > 5) that have occurred in the crust are apparently associated

with known major faults with recent displacement, such as the Oenal i

fault and the Castle Mountain fault. Most of these earthquakes,

however, occurred priQr to the operation of the regional seismographic

network that began in 1964, so the accuracy of locat ions and focal

depths is low, with uncertainties as large as 31 to 62 miles (50 to 100

km) . The two largest, poss ib1Y crustal earthquakes that may have had

epicenters in the site region, occurred in 1904 (M s 7-3/4) and 1912

(Ms 7.4). If these events occurred in the crust, they are both likely

to have occurred on the Oenali fault which is at a closest distance of

40 miles (64 km) to the Project.
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Within the site region, the largest reported earthquake (magnitude
(Ms ) 6-1/4) occurred on 3 July 1929. The epicenter and focal depth

uncertainty of this event {~ 31 miles (50 km)) are great enough to
suggest that it may have occurred on the Benioff zone at a depth of 31

to 43 miles (50 to 70 km).

Ouring three months of mid-19BO, a ten-station microearthquake array was
operated to study the area within 30 miles (4B km) of the Project.

More than 260 earthquakes in the magnitude (ML) range 0.0 to 3.7 were
analyzed. The discussion below summarizes the results.

Earthquake activity clearly del ineates two seismic zones. The upper

zone of crustal activity occurs predominantly in the depth range 5 to 12
miles (B to 20 km). The lower zone of activity defines a northwestward

dipping zone (the Benioff zone) at a depth of 25 miles (40 km) in the
southeast to 50 mi les (BO km) in the northwest port ion of the micro

earthquake study area. The Benioff zone is approximately 6 to 9 miles
(l0 to 15 km) thick and is characterized by widely distributed seis

micity. Within the Benioff zone, no lineations or other prominent
features were observed. The seismicity appears to occur throughout the

zone and does not define a single interplate interface. Focal mechanism
interpretat ions for the Benioff zone suggest that the primary mode of

deformation is due to hi~h-angle normal faulting produced by down-dip
extensional faulting within the plate.

Ouring the three-month period of monitoring, 13 earthquakes of magnitude

(ML) 3.0 and larger were located in the Benioff zone. This level
of activity is about ten times greater than that recorded for the

shallow (crustal) zone. The slope of the magnitude-frequency graph for

the Benioff zone is 1l.6B, similar to that for many areas worldwide.

This curve suggests a relatively low number of larger earthquakes
compared to smaller earthquakes. These results are consistent with the

historical seismicity record.
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The crustal earthquake activity was found to be generally confined
t9 the geograph ic area of the Ta1keetna Mounta ins. There were re1a
t ively few events occurring at depths shallower than 5 miles (8 km) or
deeper than 12 miles (20 km). No seismic activity that appeared to be

associated with the crust was deeper than 19 miles (30 km). The level
of seismicity within the crustal zone within 30 miles (48 km) of the

Project is very low, about one-tenth of the 8enioff zone activity. The

slope of the associated magnitude frequency curve is 1.48.

Map views and cross-sect ions of the shallow earthquakes were examined
for possible spatial associations with mapped faults and lineaments. No
associations were identified. Two clusters of small microearthquakes

were located 16 to 22 miles (25 to 35 km) south of the Project at a
depth of 9 to 12 miles (15 to 20 km). These clusters occurred within 12

miles (20 km) of the surface trace of the Talkeetna thrust fault;
however, on the basis of results obtained to date, they do not appear to
be associated with the Talkeetna thrust fault or any other surface

feature. These clusters are related to extremely small-scale rupture on

f au lts at depth in the crust. The rupture plane is too small and too
deep to cause surface rupture.

Focal mechanism studies of crustal earthquakes within approximately

30 miles (48 km) of the Project indicate the occurrence of a regionally
uniform west-northwest to east-southeast oriented horizontal compres

sional stress fjeld. This stress field is producing thrust or strike
slip movement on small, features distributed in the lower crust.

1.8 - Reservoir-Induced Seismicity

The reservoirs which will be impounded behind the proposed dams will be

very deep (greater than 492 feet (150m}). In the case of Devil Canyon,

the reservoir wi 11 be large, with a volume greater than 1 x 105 acre
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feet (1,234 x 106m3); in the case of Watana, it will be very large,

with a volume greater than B.1 x 106 acre feet (10,000 x 106m3).

Because of the proximity of the two reservoirs to each other, they will

constitute one hydrologic unit w:,ich will be very deep and very large.

Given that the proposed combined hydrologic unit will be very deep and

very large, the potential for reservoir-induced seismicity (RIS) has

been estimated by evaluating reservoir-induced seismicity at other deep,

very deep, and very large reservoirs. The results of this comparison

show that the likelihood that a reservoir-induced event of any size

(including microearthquakes) will occur at the proposed reservoir is O.g

(on a scale of 0 to 1).

Since the 1ikel ihood of a reservoir-induced event is high, it is impor

tant to understand what the maximum earthquake is 1ikely to be for the

site region, and how the reservoir will affect the likelihood that a

moderate-to-l arge (magn itude (Ms ) > 5) event wi 11 occur. Prev i ous

studies (Packer, Lovegreen and Born, 1977; Packer and others, 1979) have

presented data wh ich support the concept that reservoirs can trigger

earthquakes by means of pore pressure increases or incremental increase

in stress. Because reservoirs act as triggering mechanisms, they are

not expected to cause an earthquake 1arger than that which could occur

in a given region "naturally." Rather, the reservoirs are expectel;

to have a potent i a1 affect on the 1ength of time between events and

possibly on the location of the event. Thus, if the tectonic and

seismologic setting of a region is known and if the maximum earthquake

has been adequately defined, the maximum size of a reservoir-induced

event can be identified.

Oata reviewed for this investigation suggest that reservoir-induced

earthquakes of magnitude (Ms ) larger than 5 occur where faults with

recent displacement lie within the hydrologic regime of the reservoir.

No f aults wi th recent d i sp1acement are known to be present with in the
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hydrologic regime of the proposed reservoirs. Consequently, the
1ikel ihood of a reservoir-induced earthquake of magnitude (Msl greater
than 5 is considered to be low. However, if studies conducted during
1981 demonstrate that faults with recent displacement are present within
the hydro1og ic reg ime of the reservo ir, then the like 1ihood of a RI S
event of magnitude (Ms ) greater than 5 will need to be re-evaluated.

1.9 - Preliminary Maximum Credible Earthquakes (PMCEs)

Preliminary maximum credible earthquakes (PMCEs) have been estimated for
crustal faults with unequivocal evidence of recent displacement and for
the Benioff zone. The PMCEs for the crustal faults have been estimated
using the fault rupture length relationships of Slemmons (1977) and the

rupture area relationship of Wyss (1979). The higher (more conserva
tive) of the two values has been used where the two relationships
provided different values. The PMCE for the Benioff zone was estimated
using historical activity. The PMCE estimated for the Denali fault and
Benioff zone is magnitude (Ms ) 8.5. For the Castle Mountain fault, it
is magnitude (Ms) 7.4.

1.10 - Preliminary Ground Motion Studies

A prel iminary assessment was made of earthquake ground mot ion at the
sites. The characteristics of ground motions addressed in these studies

included peak horizontal ground acceleration, response spectra, and the
duration of strong shaking. The assessment was made for prel iminary

maximum credible earthquakes On the known faults with recent displace

ment in the site region. The results of this assessment are presented
in Section 12.
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1.11 - Conclusions

Two sets of conclusions have been drawn from the results of the inves

tigation conducted to date. One set, designated feasibility conclus
ions, are those considered important to evaluate the preliminary
feasibility of the Project. The second set. designated technical

conclusions, are those related to the scientific data collected.
Both sets of conclusions are discussed in Section 13 and form the basis
for the proposed 1981 study plan (sU1llllarized below in Section 1.12).
The feasibil ity conclusions are summarized in this section; they
include:

(a) No faults with known recent displacement (displacement in the last

100,000 years) pass through or adjacent to the Project sites.

(b) The faults with known recent displacement closest to the Project
sites are the Denali and Castle Mountain faults. These faults, and

the Benioff zone associated with the subducting Pacific Plate (at

depth below the Project site). are considered to be accepted
seismic sources.

(c) Preliminary maximum credible earthquakes for the Denali and Castle

Mountain faults and the Benioff zone have been est imated as a:

magnitude (Ms) 8.5 earthquake on the Denali fault occurring 40
miles (64 km) from the Devil Canyon site and 43 miles (70 km) from

the Watana site; magnitude (Ms ) 7.4 earthquake on the Castle

Mountain fault occurring 65 miles (105 km) from the Devil Canyon
site and 71 miles (115 km) from the Watana site; and magnitude

(Ms ) 8.5 earthquake on the Benioff zone occurring 37 miles (60
km) from the Devil Canyon site and 31 miles (50 km) from the Watana

site.

(d) Within the site region. 13 faults and lineaments have been judged
to need additional investigation to better define their potential
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affect on Project design considerations. These 13 faults and

lineaments (designated significant features) were selected on the

basis of their seismic source potential and potential for surface

rupture through either site. Four of these features are in the

vicinity of the Watana site and nine are in the vicinity of the

Devil Canyon site.

(e) At present, the 13 significant features are not known to be

faults with recent displacement. If additional seismic geology

studies show that any of these features is a fault with recent

displacement, then the potential for surface rupture through either

site and the ground motions associated with earthquakes on such a

fault will need to be evaluated.

(f) Preliminary estimates of ground motions at the sites were made for

the Denali and Castle Mountain faults and the Benioff zone. Of

these sources, the Benioff zone is expected to govern the levels of

peak horizontal ground acceleration, response spectra, and duration

of strong shak ing. The ground-mot ion estimates are prel iminary

in nature and do not const itute criteri a for des ign of project

facilities. The site ground-motion estimates will be made final

and the design criteria will be developed as part of the next phase

of study.

1.12 Proposed 1981 Study Plan

The proposed study plan is designed to provide additional data on the

seismologic setting of the Project, on the geologic characteristics of

the 13 significant features, and for earthquake ground mot ion studies.

These data are needed: to evaluate faults with crustal sources of

seismicity; to refine the evaluation of reservoir-induced seismicity; to

obt~in additional data on recent geologic units and morphologic surfaces
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that can be used for assessing the recency of fault displacement; and to
evaluate whether or not the significant features are faults with recent
displacement (and, if they are, to provide as much information as
possible on the recurrence intervals, amount of displacement, and
maximum credible earthquake). In addition, the study plan will incor
porate the results of the geologic investigation in a refined analysis

of ground motions at the sites and will develop ground motion design

criteria.

The proposed study plan is expected to be evolutionary in nature.
Therefore, the details of the plan, presented in Sect ion 14 and sum
marized below, may change during the course of the 1981 studies. The
pI an is to:

(al Conduct a detailed Quaternary geology investigation.

(bl Conduct field geologic studies of the 13 significant features.
These studies will include additional air photo analysis and

field mapping in appropriate locations. These studies may also
include test pits, trenches, geophysical traverses, borings, and

age dating.

(cl Obtain and analyze low-sun angle aerial photography around both
sites and along portions of the Talkeetna thrust fault and Susitna

feature.

(d) Conduct calibration studies along faults with recent displace
ment (e. g., either the Denali or Castle Mountain faults). The
calibration can include field mapping, air photo analysis, and

trenching.

(el Design a program manual for future seismologic network monitoring.
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(f) Re-evaluate the estimated potential for reservoir-induced seis

micity using the data obtained from the other portions of the

1981 study p1 an.

(g) Finalize the ground-motion estimates for the Project (after the

seismic geology field studies are performed to assess the seismic

activity of the significant features).

(h) Develop project earthquake ground-motion design criteria based

on the results of the ground-motion evaluations.
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2 - INTRODUCTION

2.1 - Project Description and Location

According to present conceptual plans the Susitna Hydroelectric Project

(referred to hereafter as the Project) includes two dams and reservoirs

in the Talkeetna Mountains of south-central Alaska (Figure 1-1). The

present study to evaluate the feasibility of the Project was authorized

by the Board of Directors of the Alaska Power Authority (APA) on 2

November 1979. Acres American Inc. (AAI) was selected by the Alaska

Power Authority to conduct the feasibility study. A Plan of Study (POS)

was developed by AAI which identified the scope of services to be

conducted for the feasibility study (Acres American Inc., 1980). The

overall objectives of the feasibility study are to:

(1) Establish technical, economic. and financial feasibility of

the Project to meet future power needs of the Railbelt Region

of the State of Alaska;

(2) Evaluate the environmental sequences of designing and constructing

the Susitna Project; and

(3) File a complete license application with the Federal Energy

Regulatory Commission.

woodward-Clyde Consultants is one of a s ix-member team of consultants

assembled by AAI to meet the objectives of the study. The objectives

and scope of participation in the feasibility study by Woodward-Clyde

Consultants are described below in Sections 2.2 and 2.3.
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The Project is located on the Susitna River, 50 miles (80 km) north

east of Talkeetna, Alaska, in the Talkeetna Mountains (Figures 1-1 and

1-2). The Devil Canyon site will be located at river mile 133 (62.8"

north latitude, 149.3" west longitude); the Watana site will be located

at river mile 165 (62.8" north latitude, 148.6" west longitude). This

report encompasses the region within 62 miles (100 km) of either site.

Thus, the Project site region includes the Talkeetna Mountains, the

north-central portion of the Alaska Range, and portions of the Susitna

and Copper River lowlands (Figure 1-1).

The Project, as present 1y planned, i nvo 1ves two dams on the Sus itna

River (Figures 1-1 and 1-2). Downstream will be the Devil Canyon site

which is presently planned to include a concrete arch dam having a

structural height of approximately 635 feet (194 meters) with an

est imated max imum water depth of 545 feet (166 meters). The impounded

reservoir will be approximately 28-miles long (45 km) with a storage

capacity of approximately 1,050,000 acre feet (1,296 x 106 m3). Up

stream will be the Watana site which is presently planned to include

an earthfill or rockfill dam having a structural height of approximately

810 feet (247 meters) with an estimated maximum water depth of 725 feet

(449 m). Its impounded reservoir will be approximately 54 miles (87 km)

long with a storage capacity of 9,624,000 acre feet (11,876 x 106

m3) (U. S. Army Corps of Engineers, 1978).

A transmission line, approximately 365 miles long (588 kml, is planned

to connect the power plants at the dam sites with existing transmission

1ines. Several tunnel al ignments from the Watana site to the vicinity

of the Devil Canyon site are being considered on a preliminary basis.

However, no conceptual details are available on the tunnel alternative

at the time of this report.
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2.2 - ~ectives

The responsibility of Woodward-Clyde Consultants for the Project feasi
bility study is defined in the Plan of Study (POS) prepared by AAI and
issued by the Alaska Power Authority in February, 1980. The objectives
of the POS are to:

(a) Determine the earthquake 9round motions which will provide the
seismic design criteria for major structures associated with
the Proj ect;

(b) Undertake preliminary evaluations of the seismic stability of
proposed earth-rockfill and concrete dams;

(cl Assess the potential for reservoir-induced seismicity and land
s I ides; and

(d) Identify soils which are susceptible to seismically induced

failure along the proposed transmission line and access routes.

A series of subtasks were identified to meet these overall task objec
tives. The subtasks were established to provide the geologic, seismo
logic, and earthquake engineering data needed to assess the feasibility
of the Project. The subtasks and their corresponding object ives are:

Subtask No.

4.01

4.02

Subtask Title

Review of
Available Data

Short Term
Seismology

Objective

To acquire, compile, and review exis
t ing data and to ident ify the earth
quake setting of the Susitna River.
To establish an initial monitoring
system, obtain and analyze basic seis
mo log ic data on potent ia I earthquake
sources within the Susitna River area,
and to supply infonnation required to
implement a more thorough long-term
monitoring program.
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4.03

4.04

4.05

4.06

4.07

4.08

Pre1 iminary
Reservoir
Induced Seis
micity

Remote Sensing
Image Analysis

Seismic Geology
Reconnaissance

Eva1uat ion and
Reporting

Pre1 iminary
Ground Motion
Studies

Preliminary
Analysis of Oam
Stab il ity

To evaluate the potential for the
pass ib1e future occurrence of reser
voir-induced seismicity (RIS) in the
Project area.

To select and interpret available
remote sensing imagery to identify
topographic features that may be
associated with active faulting.

To perform a reconnaissance investi
gation of known faults in the Susitna
River area and of lineaments that may
be faults, to identify active faults,
and to establish priorities for more
detailed field investigations.

To complete a preliminary evaluation
of the seismic environment of the pro
ject, to define the earthquake source
parameters for earthquake engineering
input in design, and to document stud
ies in reports suitable for use in de
sign studies.

To undertake a preliminary estimate of
the ground motions (ground shaking) to
which proposed Project facil it ies may
be subjected during earthquakes.

To make preliminary evaluations of the
seismic stabi 1ity of proposed earth,
rockf ill, and/or concrete dams dur ing
maximum credible earthquakes.

The results of subtasks 4.01 through 4.05 are presented in this report

(as part of subtask 4.06) and have been used to prov ide input to sub
task 4.07. This latter subtask addresses objective (a) and is discussed

in Section 12. Limited consultation has been provided by Woodward-Clyde
Consu1tnats to Acres for Objective (b) and is not included as a part of
this report. Objective (c) is addressed by subtask 4.03, with results
presented inSect ion 10. Object ive (d) is schedu 1ed to be evaluated in
1981; consequently, it has not been addressed during this investigation.
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It shou Id be emphas ized that the resu 1t s presented in th i s report have

been developed solely for the purpose of evaluating Project feasibility.

These results are subject to revision after completion of 1981 studies

and therefore are not intended for use in f i na I dam des i gn cons idera

tions.

The data provided ~y this report are expected to be used in the applica

tion for the Federal Energy Regulatory Commission (FERC) license and in

documentations submitted to the U. S. Army Corps of Engineers and the

State of Alaska. This application will be made by Acres American Inc.

on behalf of the Alaska Power Authority.

2.3 - Scope

The 1980 study, as part of a planned two-year investigation and as sum

marized in this report, was designed and conducted to provide data for

seismic design feasibil ity considerations. After project feasibility

has Deen satisfactorily established, the 1981 study will evaluate spe

cific features and seismic conditions pertinent to seismic design. In

this report, the work conducted during the first year will be referred

to by the term "study." The term "investigation" will be used for the

two-year program.

The multidisciplinary approach being utilized for this investigation

involves an interactive team of structural geologists, Quaternary geolo

gists, seismologists, and earthquake engineers. Their task is the

analysis of potential seismic sources, recency of fault displacement,

and surface rupture potential. The subtask objectives (Section 2.2)

incorporate this approach into a detailed scope and work plan. The

following discussion summarizes the implementation of that detailed

scope for subtasks 4.01 through 4.08.
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The scope of those subtasks included:

(a) the compilation of information for all faults and lineaments

reported in the literature within 62 miles (100 km) of either dam

site. for major faults with recent displ acement in or adjacent

to the site region. and for all lineaments interpreted by Wood

ward-Clyde Consultants which have morphologic relationships that

may be fault related;

(b) the compilation of historic earthquake data which could then be

used to understand the seismic setting of the Project and to better

define differences in the seismic characteristics between crustal

earthquakes and the Benioff lone;

(c) a geological field study to ascertain. on a reconnaissance level.

which features in the site region are. or potentially are. faults

with recent displacement;

(d) the install at ion and operation of a lO-station microearthquake

network within a 30-mile (4B-km) radius about each proposed

site to monitor seismicity in the vicinity of the sites. to

provide information on crustal sources of seismicity and the

depth to the Benioff lone. and to provide information on attenua

tion characteristics associated with crustal and Benioff lone

sources;

(e) a prel iminary comparison of the depth. volume. and geologic char

acteristics of the proposed reservoirs with those of other reser

voirs that are deep. very deep. and/or very large (including

those with accepted cases of reservoir-induced seismicity)

in order to make a preliminary estimate of the likelihood of

reservoir-induced seismicity and of the likelihood that an earth

quake of a given magnitude can occur;

(f) a preliminary assessment of the potential for reservoir-induced

landslides;
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(g) development of preliminary estiamtes of ground motions at the
Project sites from preliminary maximum credible earthquakes in the
site region;

(h) development of a proposed 1981 study plan to improve understand
ing of the structural and seismic setting of the site region
and to refine the judgments needed for seismic design; and

(i) preparation of this interim report to summarize the results of
the 1980 study.

Completion of the scope of the 1980 study involved approximately a
60 person-month leve 1 of effort. Th is inc 1uded: approx imateIy 15

person-months for the data compilation. items (a) and (b) above; 25
person-months for the field studies. items (c) and (d) above; and 20

person-months for data analysis and report preparation. items (e)
through (i) above.

2.4 - Fault Study Rationale

2.4.1 - Conceptual ApproaCh

The earth's crust is comprised of a series of plates that are
mov ing re Iat ive to one another. AIthough the mechan i sm respon
sible for this movement is not completely understood. a variety of

interact ions between plates can occur as a result of this move
ment. These interactions can include: collision. with resultant
subduct ion (underthrusting) of one plate beneath another; ex
tension. where adjacent plates move away from each other; or
shearing. where adjacent plates pass each other at different
relative rates. Examples of these types of interactions are

discussed by a number of investigators including Wilson (1963).
Oewey (1972). Cowan and Silling (1978) and Scholl and others

(1980) .
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The type of plate interaction depends on a number of factors,
such as the re1at ive rate of movement of adj acent plates, the
relative direction of these plates, and the type of crust involved
(i. e., oceani~ or continental). In t.he case of collision
between two crustal plates (one of continental and the other
of oceanic crust), the plate with the heavier oceanic crust
typically is subducted (underthrust) beneath the continental
crust. Eventually, this subducting plate falls or is thrust
downward into the upper mantle and becomes detached (or dis
engaged) from the overriding plate.

Where subduction is occurring, the subduction process generates
tectonic stress (a) within the downgoing plate, (b) within the
overriding crustal plate, and (c) along the interface between the
two plates where they are in contact with one another. The stress
is stored as accumulated strain energy. When the elastic limit of

crustal material within or between the plates is reached, failure
(fault rupture) occurs, releasing the accumulated energy along
planes of weakness (faults) in an earthquake. Thus, earthquakes
occur as the result of rapid displacement along fault planes. The

instantaneous release of energy (the earthquake) occurs in part in
the form of seismic waves which are propagated through the earth's
crust and mantie and which result in ground motion, commonly
referred to as earthquake shaking.

Faults are typically subject to repeated displacements as long as

the tecton ic stress env ironment rema ins unchanged. Therefore,
faults which show evidence of recent displacement are assumed to
have the potential for future displacement. These faults arp. sub
ject to surface rupture when the energy released is at a suffi
ciently shallow depth that the fault rupture plane intersects the
ground surface. When the energy release occurs at depth, and when
the energy release is small relative to the depth of occurrence,
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the fault rupture plane exists at depth and does not rupture the

surface of the crust. Further, for displacement sl ippage along

fault planes in the subducting plate and along small fault planes

at depth in the overriding crustal plate, the fault rupture plane

does not reach the ground surface. Therefore, movement along

these faults does not affect consideration of surface fault

rupture potential at a given location. However, movement along

these faults may affect seismic design considerations. This

effect can be evaluated from the historical seismicity records and

from theoretical considerations. From this evaluation, the size

earthquake that can be expected to occur can be estimated and the

size of the fault rupture plane can be inferred.

For faults in the overriding crustal plate, along which energy

release is sufficiently large and shallow to rupture the ground

surface, the following factors affect consideration of these

faults.

During geologic time, the movements between plates may change,

result ing in a changed tectonic stress environment. When exposed

to a new tectonic stress environment, some of these pre-existing

faults may serve as planes of weakness along which slippage may

continue to occur; other pre-existing faults will no longer be the

location of slip, although they continue to be zones of weakness

in the crust. Thus, at a given location during a specific period

of geologic time, displacement along faults, resulting in earth

quakes, is controlled by the stress environment influencing that

part of the crust at that time.

The type of displacement that can occur along a fault is a func

tion of the orientation of the prevailing stress regime relative

to the orientat ion of the faults and the plane in which strain

release can be most readily accommodated. Figure 2-1 shows the
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various components of disp1~cement or slip which can occur along a

fault together with applicable terminology. The three primary

types of faults are thrust or reverse, normal, and strike-slip or

shear faults (Figures 2-2 through 2-4).

Faults with recent displacement can occur as relatively simple,

individual traces along which displacement occurs (primarily

strike-slip faults) or as a complex pattern of fault traces within

a fault zone (primarily reverse and normal faults). Within fault

zones, some traces or planes can be undergoing recent displacement

while the rest of the zone is quiescent with no recent displace

ment (as shown in Figure 2-5).

The frequency of the cyclic elastic strain buildup and release by

fault rupture varies greatly from one part of the earth's crust to

another. The interval between earthquakes on the same fault or

fault system is potentially long. However, the available world

wide historical records. which may encompass several hundred

years of surface rupture and earthquakes, typically do not cover a

long enough period to forecast reliably the location or frequency

of future surface rupture and associated earthquakes. Often,

the most informative record of historical surface rupture and

assoc i ated earthquakes is best preserved in surf ic i a1 mater i a1s

cut by the faults. If the stratigraphic record is complete and

observable and if the ages of surficial materials, especially of

the Quaternary period, are known. then the ,nost recent geologic

information on past tectonic stress environments and past earth

quake activity can be deduced. Therefore. the most reliable

approach to eva1 uat ing potent ia1 surface rupture and earthquake

potential is one that relies sUbstantially on understanding the

geologic record of the past tens of thousands to millions of

years.
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Surface rupture and the related earthquake potential at a given

location in the earth's crust or lithosphere can be evaluated by

using the concept of faults with recent displacement. This

concept, as it is most commonly applied, relies on the history of

the surface fault rupture (or displacement); if displacement

has occurred on a fault within a specified time, the fault is

classified as having recent displacement. Faults with recent

displacement (as defined for a particular project), are then

inferred to have a potential for surface rupture and earthquakes.

This potential is then considered in the design of that project.

Guidelines defining what is considered "recent displacement" for

this project are described in Section 3.1.2.

A fault which has been subject to frequently occurring and large

recent d i sp Iacement apprec i ab 1y affects the surface geo logy and

topography. In such an area, it is improbable that all evidence

of young faulting would be completely obI iterated by weathering,

erosion, and deposition. A fault that has been sUbject to rela

t ively infrequent and small displacement may not greatly affect

the landscape, and the evidence of geologically young faulting may

be difficult to detect and to evaluate. However, experience

during the past decade or so has indicated that the exceptional

case is the one for which no evidence of fault activity can be

found, provided detailed studies are completed by geologists

experienced in assessment of fault act h ity (Sherard and others,

1974).

Incompl ete preservat ion of di agnost ic geomorphic features and of

stratigraphic evidence along a given length of fault requires that

investigations designed for identifying and evaluating faults with

recent displacement be regional in scope. Individual faults

shou Id be traced for cons iderab led i stances in order to eva1uate

adequately the tectonic setting and the amount, style, age, and

frequency of past displacements.
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Incomplete evidence for conclusive evaluation of fault activity

along short portions of faults is a common problem in Alaska.

Critical stratigraphic evidence may often be destroyed or buried

where a fault trends along or crosses a river valley; this is

because of intense erosion or rapid deposition that can occur near

rivers or in a fluvial basin. Another common problem in Alaska is

that geomorphic evidence of faulting may be covered or masked by

glacial or periglacial processes. In addition, the surficial

materials deposited in river valleys, such as in the Susitna River

valley, often are not old enough to be evaluated effectively for

recent fault displacement.

Somet imes adequate eva1uat ion of recent f au 1t d i sp 1acement can

only be made with confidence at locat ions remote from Project

sites; in these areas, which are away from the area of active

erosion and deposition, the stratigraphic and geomorphic evidence

necessary for a confident assessment of fault activity is pre

served. ~hen no conclusive evidence of recent displacement

is observed along faults in the vicinity of the sites, it is

reasonab 1e to app 1y (to these f au 1ts) an unders tand i ng of the

characteristics of geologically similar faults that are remote

from the site. In this way, the recency of displacement on

f au lts that are present in the vic in i ty of Proj ect sites can be

evaluated. The degree of confidence in such evaluations depends

upon the quality, quantity, and strength of the evidence; this

evidence may vary from fault to fault and from location to loca

tion.

Procedures generally used for the regional evaluation of recent

fault displacement include a multidisciplinary review of litera

ture, interpretation of regional remotely sensed data (i.e., U-2

near-infrared color photography, satell ite imagery, and geophys

ical data), and review of historical seismicity data. Features
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that are potentially of interest to the Project are then re

viewed in detail on the aerial photographs.

Surface faults that have had displacement in recent geologic time

are expressed in youthful units by characteristic geomorphic fea

tures such as scarps, linear vegetational patterns, groundwater

barr iers, and 1i tho log ic contrasts. These features wh ich are

visible on aerial photographs, are usually expressed in linear or

semilinear configurations (referred to as lineaments), and are

visible during aerial reconnaissance. However, 1ineaments are

also produced by other erosional, depositional, structural, or

cultural processes.

After preliminary results are obtained from the above procedures,

add it ionaI invest igat ions can be conducted for selected features

as appropriate. These invest igat ions can include reconnai ssance

and/or detailed field mapping, aerial reconnaissance, Quaternary

geology studies, age-dating of selected units, trenching, dril

ling, or the installation of microearthquake networks.

The i nterpretat ion of the resu Its of these invest igat i ve proce

dures forms the basis for: delineating faults with recent dis

placement; es t imat i ng the amount and type of di sp lacement; and

estimating the size of the maximum credible earthquake that might

be expected during displacement along an individual fault.

There are major constraints limiting the observation of faults

with recent displacement in the Talkeetna Mountains. These

constraints include: (a) youthful geologic processes, primarily

glaciation; (b) a lack of information on the glacial deposits in

the Talkeetna Mountains; and (c) the lack of detailed bedrock and

surficial mapping within the Talkeetna Mountains.
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The youthful geologic processes involve primarily recent wide

spread gl ac i a1 events that t~nd to ob 1iterate or remove older

Pleistocene units, soil horizons, and morphologic features.

The result is widespread youthful deposits and surfaces that

provide information on fault activity only in the most recent

geologic time (i. e., the hst 10,000 years). The absence of

detailed glacial and bedrock data in the Talkeetna Mountains makes

the evaluation of faults and faults with recent displacement

difficult, because the information necessary to understand the

faults is lacking.

2.4.2 - Surface Rupture and Earthquake Magnitudes

Several authors have investigated the relationship between earth

quake size and length of fault rupture (Tocher, 1958; Bonilla

and Buchanan, 1970; Patwardhan and others, 1975; Slemmons, 1977).

On the basis of their work, it appears that surface rupture is

typically associated with shallow earthquakes of magnitude (Ms )

5.5 or greater, although earthquakes of smaller magnitude have

been associated with surface rupture (e. g., the Imperial, Cali

forn i a, (Ms ) 3.6 earthquake of March, 1966, wh ich was assoc i ated

with 0.6 inches (1.5 em) of displacement (Slemmons, 1977). On the

basis of the ava·jlable data, and to be reasonably conservative, a

magnitude of (Ms ) 5 was selected as the lower magnitude value

for earthquakes having the potential for associated surface rup

ture.

Albee and Smith (1966) have plotted length of observed surface

faulting (or long axis of aftershock area) versus magnitude.

Their best fit curve suggests that at least a 5-mile (8-km) long

rupture length would be necessary for an earthquake greater than

magn itude (Ms ) 5 to occur. However, events of higher magn itude

are shown to have occurred on faults with as little as 0.6 miles
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(1 km) of rupture length. Sletmlons (1977) in his evaluation of
earthquakes, faults, surface rupture, and displacement shows
3 miles (5 km) as generally being the shortest rupture length
on which events of magntiude (M s ) 5 or larger have occurred
(although one event, the 1951 Superstition Hills, California,
event of magnitude (Ms ) 5.6 had 2 miles (3 km) of surface rupture
length). Considering the SletmllDnS (1977) and Albee and smith
(1966) data, we assume that approximately a 3-mile (5-km) long
surface rupture length is nec~ssary to generate a magnitude
(Ms) 5 or larger earthquake.

For the purposes of this study. it is assumed that the observed
length of a lineament or fault represents half the potential
length of a fault and the observed length represents the maximum
probable rupture length should the fault have recent displacement
(the rationale for this concept is presented in Section 3.2). The
observed lineament or fault length, (i. e., the potential rupture
length) has been used to evaluate -se ismic source potent i a1 and to
infer the maximum amount of displacement that could occur during a
single earthquake. This approach introduces a relatively large
degree of conservatism to the study. Typically, the maximum
potential rupture length of a fault during a single event is

assumed to be one-half of the observed fault length (as discussed
in Wentworth and others (1969)).

2.5 - Method of Study

The methodology employed for the seismic geology study is summarized in
Figure 2-6 and is described below. Information of a geo"ogic (including

geomorphic) and seismologic nature was evaluated to identify previously
reported faults and lineaments that may be fault-related in the area
within 62 miles (100 km) of the Project (Figure 1-1). The methodol
ogy associated with both the geological and seismological porthns of

the investigation are described below.
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The geological portion of the investigation included: a comprehensive

review of the literature (approximately 350 references were reviewed);
discussions with other geologists fMliliar with the study area; inter
pretation of selected remotely sensed data (approximately 250 images and
aerial photographs were reviewed); aeri~l reconnaissance; and limited
field studies of the identified lineaments and faults that ~re within
62 miles (100 km) of the Project. The locations of lineaments, faults,
and inferred faults derived from the literature review and from discus
sions with other geologists were plotted on a 1:250,OOO-scale topo

graphic base for the study area. Lineaments considered to be possibly
fault-related were interpreted on high-altitude color-near-infrared
photographs (scale 1:125,OOO) and on LANDSAT imagery (scale 1:1,000,000
and 1:500,OOO). The coverage of imagery and photography used for this
study is shown in Appendix A. These data were plotted on the photograph
or image on which they were observed.

For the identification of potential seismic sources, length-distance

screening criteria were developed to select only those faults and linea
ments for further evaluation which potentially could be of concern for
seismic design. These criteria were based on available worldwide data
on faults with recent displacement, associated maximum magnitude earth

quakes, and an attenuation relationship applicable to the western United
States (the latter is discussed in Section 12). The length-distance
screening criteria and the rationale behind their development are
discussed in detail in Section 3.2.

Features which were long enough and close enough to the site to meet

the length-d i stance screeni ng cr iter i a were plotted on 1: 250, 000 scale
field maps. In addition, to evaluate potential surface rupture in the

vicinity or through the sites, all faults and lineaments that passed
within 6 miles (10 km) of either site were plotted on a 1:63,360 scale

topographic base map and on U-2 color near-infrared photographs at a
scale of 1:125,000. These features were then evaluated during the field

reconnaissance.

2 - 16



During the field reconnaissance, each fault and 1ineament was examined

fQr characteristics indicative of faulting and recent displacement. The

field reconnaissance involved helicopter and fixed-wing aerial recon

naissance of all faults and lineaments within the site region which were

considered to be potentially significant to the sites. The aerial

reconnaissance included systematic review of all quadrangles within the

site region to locate faults or lineaments which were not identified

prev ious ly. Ground reconna i ssance stud i es were conducted at se1ected

locations along specific lineaments to augment observations made during

the aerial reconnaissance. Observations were documented in writing and

in photographs as described in Appendix A. The purpose of this part of

the investigation was to ascertain, on a reconnaissance level, which

features in the site region are, or potentially are faults with recent

displacement. This field effort was conducted from 1 July 1980 through

21 August 1980. The faults and lineaments were classified during the

field reconnaissance: as having been subject to recent displacement; as

being indeterminate features with a moderate, low to moderate, or low

likel ihood of recent displacement; or as being nonsignificant, i. e.,

clearly not a fault. Section 8.2 describes the basis on which the

classifications were made.

The seismological input into the lineament and fault evaluation pro

cess included a review of available historical and recent earthquake

activity and a review of unpublished data obtained from the National

Oceanic and Atmospheric Administration (NOAA), the Geophysical Institute

at the University of Alaska, and the U. S. Geological Survey. The data

were reviewed to assess accuracy and completeness before computer

processing and cataloguing. From these data, a catalog was compiled

of historical earthquake and microearthquake data which includes

all available records. Computer plots of epicenters, at a scale of

1:250,000, were used as overlays to geologic maps and were compared with

the 1:250,OOO-scale compilation of faults and lineaments. The computer

plots were checked for clusters or alignments of epicenters that would
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suggest the presence of a fault. Seismologic data were further analyzed

to estimate max imum earthquake magnitudes for seismic c1 usters and

alignments and for recurrence intervals of earthquakes of varying

magn itudes. Ava il ab 1e earthquake data were a1so rev iewed to assess

both the adequacy of the data and the effect of this factor on the

seismologic analyses.

A 10-stat ion microearthquake network was installed within a 30-mile

(48-km) radius about each proposed site. The network was in opera

t ion for three months, from 28 June 1980 through 28 September 1980.

Seismograms of earthquakes recorded by the network were used to calcu

late the size (magnitude), location (epicenter), focal depth. and

focal plane mechanism of the earthquakes.

Preliminary analysis of events recorded by the network were made in the

field using a portable minicomputer. These prel iminary analyses were

compiled concurrently with the fault and lineament field studies. This

multi-disciplinary approach permitted field evaluation of areas with

apparent concentrat ions of sei smic act iv ity to assess whether or not

correlations should be made.

Subsequent to completion of the field studies, the geologic and seismo

logic data were reviewed and checked for accuracy. The faults and

lineaments which were judged to have a potential effect on consideration

of seismic design and surface rupture through the sites were selected by

use of the criteria described in Section 8.3. The preliminary evalua

tion of reservoir-induced seismicity was completed using procedures

described in Section 10. The results of the data compilation, field

studies, and data analyses were then compiled and are presented in this

report.
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Block di~ram illustrating the various components of fault slip. The fault
illustrated here is an obliQue·slip fault with a left·slip component combined
with a normal-slip component. The dip and strike together comprise the
attitude of the fault. The slip vector, a line. lies in the fault surface and has
a true length that can be designated in terms of a vertical component and a
horizontal component. It can also be depicted In terms of its horizontal
projection and its angle of plunge.

BLOCK DIAGRAM OF VARIOUS
FAULT SLIP CCMPONENTS

WOODWARD-CLVDE CONSULTANTS 14658A December 1980 FIGURE 2-1
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Block diagrams showing SChematIC effects of shift along
a re~erse·slip fault: (AI before the most recent shift.
(81 after the most recent shift.

BLOCK DIAGRAMS OF SCHEMATIC EFFECTS
OF SHIFT ALONG A REVERSE-5L1P FAULT

WOOOWARD-ClVOE CONSULTANTS 14658A December 1980 FIGURE 2-2
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Block diag~ams showing schematic effects of shift along
a normal-slip fault: (AI before the most recent shift
(81 after the most recent shift. .

BLOCK DIAGRAMS OF SCHEMATIC EFFECTS
OF SHIFT ALONG A NORMAL-SLIP FAULT

WOODWARO.ClVOE CONSULTANTS 14658A December 1980 FIGURE 2-3



810ck diagrams showing schematIc effects of shift along
a strike-slip fault: (A) before the most recent shift.
fBI after the most recent shift.

BLOCK DIAGRAMS OF SCHEMATIC EFFECTS
OF SHIFT ALONG A STRIKE-5LIP FAULT

WOOOWAAO-CLYOE CONSULTANTS 14658A December 1980 FIGURE 2-4



FAUlT TRACE WITH RECENT-ol~--
DISPLACEMENT FAULT ZONE

WITH RECENT
DISPLACEMENT

FAUlT ZONE

Block diagram illustrating the relationship of a fault zone with recent displacement

to a fault lone. This example is a letl slip fault. Although the fault zone is

composed of several fault planes or tf~es. the geomorphic features within the

fault lone indicate that the most recent surface faulting has occurred along the

planes labeled as fault trace with recent displacement. On the basis of geomor

phic evidence, the location of potential future surface faulting within this fault

lone is judged to be along the planar features labeled as fault trace with recent

displacement. The width of the area that potentially could be affected by

future surface faulting, is judged to be that of the fault zone with recent

displacement.

,.

WOODWARD-CLYDE CONSULTANTS 14658A December 1980

BLOCK DIAGRAM OF RELATIONSHIP OF
A FAULT ZONE WITH RECENT

DISPLACEMENT TO A FAULT ZONE

FIGURE 2-5
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3.0 - FAULT EVALUATION CRITERIA AND GUIDELINES

Se¥eral sets of criteria and guidelines are typically developed and used
during the course of a seismic geology investigat.ion. They provide a
systematic method of identifying faults and lineaments which are impor
tant to design considerations. For this investigation, four sets of
criter"a and guidelines have been developed. These sets are:

(1) Guidelines to clarify. for purposes of the Project, the definition
of a fault with recent displacement.

(2) Length-distance screening criteria. These were developed prior to
the field reconnaissance studies to identify only those faults and

lineaments that could potentially be significant to consideration
of se i sm i c source potent i al and/or potent i al surface rupture
through the dam sites.

(3) Preliminary significance criteria. incorporating the results of the
field reconnaissance studies. These identify candidate significant
features that could potentially be significant to consideration of
seismic source potential and/or potential surface rupture through
the sites. These criteria represent a refinement of the screening
process conducted in (2) above. The refinement is based on the
observations made during the field reconnaissance studies and takes
into account initial judgments regarding ground motions and pre
liminary maximum credible earthquakes.

(4) Significance criteria. which are refinements of the preliminary

significance criteria. These identify significant features which
are of potential importance to consideration of seismic source
potential and/or potential surface rupture through the sites.
These significant features are to be further evaluated and studied

during the field studies planned for 1981.
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Recent fault displacement and length-distance screening criteria are

discussed below in Sections 3.1.1 and 3.1.2, respectively. The prelimi
nary significance, and significance criteria are discussed in Section
8.3 as an introduction to the discussior. of the significant features.

3.1 - Guidelines for Defining Recent Fault Displacement Criteria

3.1.1 - Regulatory Criteria

The criteria described in this section are those regulatory guide

lines which have been used for other projects of similar magnitude
to this Project. The agencies for which criteria were reviewed
include: the Water and Power Resources Service, formerly called
the U. S. Bureau of Reclamation (USBR); the U. S. Army Corps of
Engineers; the Nuclear Regulatory Commission; the Federal Energy

Regulatory Commission (FERC); the State of Alaska; and the State of
California.

Agencies responsible for critical structures such as dams and power

plants have developed criteria which are used to evaluate the
importance of faults to these structures. These criteria typically
deal with one aspect of faulting, the recency of movement or dis
placement along a fault. Faults which have had displacement within
a specified time period have been assigned descriptive terms such
as active fault or capable fault.

The review below provides a summary of regulatory criteria used
previously on other projects (including dams and power plants) to

define active faults, or capable faults. These criteria have
been considered in defining, for the Project, the term fault with
recent displacement.
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Water and Power Resources Service (WPRS)

Criteria for defining an active fault were adopted by the WPRS
(formerly the USBR) for evaluation of faults at the proposed
Auburn Dam site in California (Cluff, Packer, and Moorhouse,

1977). An act ive fault was defined as a fault which had been
subject to relative displacement during the last 100,000 years.
A fault is considered active if it (a) exhibits direct evidence
of displacement in deposits less than 100,000 years old (e. g.,
surface rupture); (b) has indirect evidence of displacement on
the fault, on or in deposits less than 100,000 years old (e. g.,
offset streams, scarps, etc.); or (c) has earthquake epicenters
which have been accurately defined instrumentally or well-docu
mented historically and which produce a geometrical arrangement
that demonstrates a direct relationship to the fault.

An inact ive fault is one for which there is direct evidence that

there has not been relative displacement during the past 100,000
years.

U. S. Army Corps of Engineers (USACE)

The U. S. Army Corps of Engineers defines a capable fault as
one which has had: (a) displacement in the past 35,000 years;
(b) a demonstrated relationship with macroseismicity (magnitude
greater than or equal to 3.5) based on instrumental data; or
(c) a structural relationship with a known active fault where
movement on one would cause movement on the other (U. S. Army
Corps of Engineers, 1977).

U. S. Nuclear Regulatory Comm,.sion (USNRC)

The U. S. Nuclear Regulatory Commission (formerly the U. S.
Atomic Energy Commission), defined a capable fault as one which
exhibits one or more of the following characteristics:
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(1) Movement at or near the ground surface at least once within

the past 35,000 years, or movement of a recurring nature

within the pas~ 500,000 years.

(2) Instrumentally determined macroseismicity with records of

sufficient precision to demonstrate a direct relationship

with the fault.

(3) A structural relationship to a capable fault according to

characteristics (1) and (2) above such that movement on one

could be reasonably expected to be accompanied by movement

on the other (U. S. Nuclear Regulatory Commission, 1975).

Federal Energy Regulatory Commission (FERC)

Federal Energy Regulatory Commission regulations and guidelines,

as they apply to dam projects, do not discuss or define faults

(Federal Energy Regu1 atory Commission, undated; Acres hnerican

Inc., 1980).

State of Alaska

State of Alaska regulations and guidelines, as they apply to dam

projects, do not discuss or define faults or faults with recent

displacement. The only reference encountered to date which per

tains to faults is contained in Standards of the Alaska Coastal

Management Program. Included under the subject of "geophysical

hazards" is the term "severe faults." No definition of this term

is provided.

State of California Division of Mines and Geology (CDMG)

The Alquist-Priolo Special Studies Zone Act of 1976 defines a

"sufficiently active" fault as one along which the most recent
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movement along one or more of its segments or branches can be

dated, by evidence or inference, within Holocene time (the last

11,000 years) (Cal iforna Division of Mines and Geology, 1976).

Evidence for activity on a fault in historic time (the last 700

years) can include one or more of the following: (a) observed

fault rupture or creep; (b) evidence of seismicity clearly

associated with the fault; and (c) strain measurable across the

f au 1t.

These regulatory definitions of a fault with recent displacement,

while useful, can lead to a somewhat simplistic and possibly

misleading concept of the significance of a particular fault. If a

fault has been subject to displacement within a specified period of

time, whether it is 11,000 years, 35,000 years, or 100,000 years,

it is important to understand how much displacement has occurred,

how often it has occurred, and the sense of displacement. For

example, a fault that has been subject to 0.2 inches (5 rrm) of

displacement every 75,000 years and a fault that has been displaced

3.3 feet (1 m) every 10,000 years both can be considered to have

recent displacement (if displacement within 100,000 years is used

as the definit ion of a fault with recent displacement). But for

purposes of dam design, th~ effect of displacement on these two

faults can be significantly different. In addition, the sense of

relative displacement is also important. As discussed by Sherard

and others (1974), the effect on dam design of displacements on

thrust faults, normal faults, and strike-slip faults is different

for each type of fault.

Dams have been designed to accOlTl11odate ground motions from rela

tively large earthquakes which have occurred relatively close to

the dam. For example, the San Pablo Dam in California is designed

to accommodate the ground motions of a magnitUde (Ms ) 8-1/2 event

3 - 5



on the San Andreas fault and a magnitude (Ms ) 7-1/2 event on the
Hayward fault, approximately 12 miles (20 km) and 10 miles (16 km)
from the dam, respectively. Dams have also been designed to accom
modate surface rupture. For example, the Coyote Springs Dam, built
in Cal ifornia in 1936, was designed as an earth dam to accommodate

20 feet (6 meters) of horizontal displacement and 3.3 feet (1
meter) of vertical displacement in the foundation. No displacement
along the fault has been reported, and the dam continues in service

without problems.

Consequently, any consideration of faults with recent displacement

ultimately needs to address not only how recently the fault has had
displacement, but also how much displacement has occurred, how
often it has occurred, and what the sense of displacement has been.
From these data, an assessment can be made of the likelihood that
the fault will have these characteristics in the future. From this

assessment, the seismic source potential and potential for surface
rupture for a particular fault can be considered in an appropriate
fashion during dam design.

3.1.2 - Guidelines for Identifying and Studying Faults with
Recent Displacement

The guidelines presented below are based on the current state-of

the-knowledge for identifying faults with recent displacement.
As developments and improvements evolve, they should be incorpo
rated into future studies and into these guidelines. It is recog
nized that data allowing straight-forward determination of the
recency of displacement along a fault are often lacking and that
the judgment of the investigator is required in the final determi
nation. These guidelines have been prepared by Acres American Inc.

after review of regulatory and dam building agency guidelines (dis
cussed in Section 3.1.1) and after discussions with project

team members.
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(1) All lineaments or faults that have been defined by the geology

and seismology community as having been subject to recent
displacement should be included in assessing the seismic
design criteria for the Project.

(2) If a I ineament exists within 6 miles (10 km) of a structure

site, or if a branch of a more distant lineament is suspected

of passing through a structure site, then a more detailed
invest ig3t ion should be made to establ ish whether the feature

is a fault, whether or not it can be considered to have recent
displacement, and whether the potential for displacement in

the structure foundation exists (structures, as used here,
refers to dam structures).

(3) Investigation of features identified in Item 2 should deter

mine whether these features have experienced displacement in

the last approximately 100,000 years.

(4) Lineaments more distant than 6 miles (10 km) from a structure

site, and for which deterministic impact on the site may con

trol the design of a structure, should be investigated to

dete,'mine if the lineament is a fault and if it has moved

within the last approximately 100,000 years.

(5) Al I features identified as faults which have experienced

movement in the last approximately 100,000 years should be
considered to have had recent displacement. All faults with
recent displacement warrant consideration when assigning
design criteria for ground motions or for surface displacement

at the struct~re sites.
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3.2 - Length-Distance Screening Criteria

Review of regulatory criteria combined with the state-of-the-knowledge

for faults, earthquakes, and surface rupture (discussed in Section

2.4.2) led to the development of length-distance screening criteria to

identify potentially significant faults and lineaments (called candidate

featues in this study). These screening criteria were applied to all

faults and 1ineaments identified in the 1iterature and on remotely

sensed data as discussed inSect ion 2.5. The screen ing cr iter i a were

developed to identify candidate features on the basis of (a) seismic

source potent i a1 and (b) potent i a1 for surf ace rupture through the

dam.

Potential Seismic Sources

Screening criteria for potential seismic sources were developed using

(al empirical length of rupture and earthqu~ke magnitude relationships

and (b) distance of the fault or 1ineament from either site. Length

of rupture and earthquake magnitude relationships typically have been

considered in two ways. One method is to measure surface rupture

length which occurs on faults during earthquakes. Slemmons (1977) has

presented the most recent published compilation of rupture lengths on

different types of faults during earthquakes of various magnitudes. A

second method is to define the rupture length as the length of the

aftershock zone associated with earthquakes. Cluff, Tocher, and

Patwardhan (1977) have summarized th is approach and have developed a

numerical relationship between the two parameters.

Figure 3-1 shows the relationship between earthquake magnitudes and

the length of the aftershock zone as soc iated with earthquakes of

specific magnitudes. The length of the aftershock zone is generally

greater than the length of ground rupture during an earthquake,

because the aftershocks represent continual strain release after the
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main shock and may migrate laterally along the fault plane. There

. fore, by referring to the values derived from Figure 3-1 as surface

rupture lengths, one of several degrees of conservatism is added to

the criteria developed for assessing faults and lineaments for this

study. The data derived from Figure 3-1 are presented in Table 3-1 as

the mean reI at ionsh i p between fau lt rupture 1ength and earthquake

magnitude.

The distance of the surface trace of the fault or 1ineilTlent from

either site is considered along with the postulated maximum fault

rupture length (a) to screen out potential seismic sources for which

associated ground motions would be too small to be significant to the

project and (b) to retain those that are of potential significance.

These 1ength-d i stance cr iter i a accommodate the fact that at greater

distances from the sites only the longer faults and 1ineaments

have the potential to generate ground motions of potential signif

icance to the site.

The length-distance criteria presented in Table 3-2 were used for

this study. ~hey were derived from the rupture lengths presented in

Table 3-1. The criteria use the observed length of the fault or

1ineament as the maximum length that could rupture during a given

earthquake. This is a conservative approach because fault rupture

length is typically assumed to be half the observed fault length

(Wentworth and others, 1969). The values given in Table 3-2 include a

degree of conservatism in that the maximum hypothetical earthquake is

assumed to occur at the closest approach of the observed port ion of

the fault or lineament to either dam site.

The length-distance criteria set up concentric zones around the sites

in which faults or lineaments of a set minimum length would be further

evaluated. Thus, at distances of less than 6 miles (10 km) from

either dam, all faults or lineaments with a length of 3 miles (5 km)
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or more were selected for further evaluation during the field recon

naissance. These represent potential faults that may generate a mag
nitude 5 or greater earthquake. At distances of 6 to 31 miles (10 to
50 km) from either dam, all faults or lineaments that are at least
6 miles (10 km) long were further assessed. Faults and lineaments
with a minimum length of 31 miles (50 km) at a distance of 31 to 93
miles (50 to 150 km) from either dam were also examined during the
field reconnaissance.

These length-distance criteria represent the experience from worldwide
case histories of earthquakes and their associated rupture lengths
along faults. They are also in accordance with previous regulatory

guidelines.

This approach was used to select faults and lineaments, from those

which had earlier been identified from the literature and interpreta

tion of remotely sensed data, for additional assessment during the

field reconnaissance; they were chosen because of their seismic source
potential. In addition to features meeting the above criteria,

screening was conducted to select features with a potential for sur
face rupture through either site, as discussed below.

Potential for Surface Rupture Through the Dam

A screening criterion for potential surface rupture was developed from

experience with faults with recent displacement. The criterion
incorporates variations in the type and extent of displacement
associated with different types of faults.

Faults with historic rupture vary greatly in the pattern of rupture
that has occurred. Some faults have single, relatively narrow surface

traces, while others have branching patterns that include displacement
on secondary or splay faults at some distance from the main fault, as

shown by Ambrasseys (1968) and Bonilla (1970).
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The width of the zone of rupture is related to a lar~e extent to the

type of fault and the type of displacement along a fault. As dis
cussed by Sherard and others (1974) and Bonilla (l970), displacement

on branch and subsidiary faults occurs more coomonly on normal and
thrust (reverse) faults than on strike-slip faults. Figure 3-2 shows
this relationship where the maximum width of the zone within which
displacement has occurred on strike-slip faults is 10 feet (3 m) to
1.8 mi les (3 km). The maximum width for normal and thrust (reverse)
faults varies from less than 0.1 to 8.5 miles (O.06 to 13 km).
Acorollary to this is the observation that the zone of deformation in
thrust (reverse) faults typically is in the upthrown side, whereas for
normal fal'lts the displacement typically is in the downthrown side
(Sherard and others, 1974).

Using these empirical relationships for width of zone along which

displacement occurs during a single event, a screening criterion for

features with potential surface rupture through either dam has been
developed. The criterion is that those faults and lineaments (iden
tified in the I iterature and on remotely sensed data) whose observed
length passes within 6 miles (10 km) of either site will be retained
for additional assessment during the field reconnaissance study. This

criterion is consistent with the degree of conservatism used for ot er
projects of simi 1ar magnitude (e. g., criteria adopted by the Water

and Power Resources Service as described in Section 3.1.1).

In summary, the length-distance screening criteria, developed prior to
the field reconnaissance study, were developed to select all feature;

that potent ially could be of significance to Project design either
because they represent potential seismic sources or because they have
the potential to cause surface rupture through either site. The
screening criteria listed in Table 3-2 were used for the selection of
potential seismic sources. For the selection of features with surface
rupture potential through either site, the criterion of all faults and
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lineaments within a 6-mile (IO-km) radius of either site was used.

The faults and lineaments selected through application of these
screening criteria have been designated candidate features and were
evaluated during the field reconnaissance portion of the study.
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TABLE 3-1

MEAN RELATIONSHIP BETWEEN FAULT
RUPTURE LENGTH AND EARTHQUAKE MAGNITUDE

Magnitude Rupture Length
(Ms) (km) (miles)

5 5 (3)

6 12 (7)

6.5 IB (11 )

7 45 (2B)

7.5 130 (81 )

Notes: 1. Data were obtained from Cluff, Tocher, and Patwardhan
(1g77).

2. Data are shown in Figure 3-1.



TABLE 3-2

LENGTH-DISTANCE CRITERIA FOR IDENTIFICATION OF FAULTS
ANU LINEAMENTS FOR PRELIMINARY FIELD RECONNAISSANCE

Distance from Dam Site Minimum Length of
Alignment Fault or Lineament

(km) (miles) (km) (miles)

o to 10 (0 to 6) 5 (3)

10 to 50 (6 to 31) 10 (6)

50 to 150 (31 to 93) 50 (31)

Note: The basis for selection of these criteria is described in
Section 3.2
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4.0 - REGIONAL HISTORICAL SEISMICITY

4.1 - Plate Tectonic Setting

Recent concepts of plate tectonics have been a major influence in

interpreting of the current tectonics of Alaska. Plate tectonics

explains the underlying cause of the geologic and seismic activity in

centra1 and southern Alaska as the product of the subduct ion of the

Pacific Plate at the Aleutian Trench as the plate spreads northward from

the east Pacific Rise (Isacks and others, 1968; Tobin and Sykes, 1968).

This northward movement occurs at a rate of approximately 2.4 inches/yr

(6 cm/yr) relative to the North American Plate and is illustrated in

Figure 4.1. As the Pacific Plate reaches the Aleutian Trench, it is

thrust under the portion of the North American Plate that includes

Alaska and the Aleutian Islands.

In the Gulf of Alaska area, the interplate movement is expressed as

three styles of deformation: right-lateral slip along the Queen

Charlotte and Fairweather faults; underthrusting of the oceanic Pacific

Plate beneath the continental block of Alaska; and a complex transition

zone of oblique thrust faulting near the eastern end of the Aleutian

Trench (F igure 4-1). The Trench represents the ground surface expres

sion of the initial bending of the oceanic plate as it moves downward

beneath the North American Plate.

The regional earthquake activity is closely rela\.ed to the plate tec

tonics of Alaska. Figure 5-2 (presented in Section 5) shows an oblique

schematic view of the major geologic and tectonic features of the

regional plate tectonics. The SUbducting plate is shown moving to

the northwest away from the Aleut i an Trench (off the figure to the

south) and dipping gently underneath the upper Susitna River region.

The subducted material is located at depth from the hypocenter distri

bution of instrumentally located earthquake activity. This kind of
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subcrustal seismic zone is called a Benioff zone. In some areas, such

a~ to the southwest of the site region along the Alaska Peninsula, the

presence of subducted oceanic crust is revealed at the ground surface by

andesitic volcanic rocks.

The Benioff zone in the site region is characterized by earthquake

activity extending to a depth of about 93 miles (150 km) (Agnew, 1980).

No autochthonous andes it ic vo lcanic rocks or vo lcanoes currently are

known to be present at the ground surface above the Benioff zone.

Beneath the Prince Will iam Sound area, which is on the North American

Plate, the subducted plate moves nearly horizontally. The two plates

appear to be closely coupled in this region and have the capacity to

accumulate and release very large amounts of elastic strain energy. The

most recent example of this process was the 28 March 1964 earthquake of

magnitude (M s ) 8.4. The rupture zone of this earthquake, as ev"il!

enced by aftershocks, is shown in Figures 4-2 and 5-2.

The overlying North American Plate is also disrupted by compressional

and tensional forces caused by the interplate deformation. Evidence for

tectonic deformation is found in the Alaska Range more than 279 miles

(450 km) northwest of th surface interplate boundary at the Aleutian

Trench in the Gulf of Alaska. Much of this deformation is the composite

expression of the plate interaction during millions of years and of

the seaward migration of the sUbducting zone, which has periodically

accreted additional crust to the continental land mass. Oeformation

within the upper plate is discussed in Section 5.

4.2 Regional Seismicity and Seismic Gaps

The major earthquakes of Alaska have primarily occurred along the inter

plate boundary between the Pacific and North American Plates from the
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Alaskan Panhandle to Prince Will iam Sound and then along the Kenai and

Alaska Peninsulas to the Aleutian Islands as shown in Figure 4-2. Three

great earthquakes were felt in September l899 near Yakutat 8ay, and

the magnitudes (M s ) of these are estimated to be 8.5, 8.4, and 8.1

(Thatcher and Pl afker, 1977). Ground deformat ion was ext ens ive and ver

tical offsets ranged up to 47 feet (14.3m) (Tarr and Martin, 19l2);

these are among the largest known displacements attributable to earth

quakes. Large parts of the plate boundary were ruptured by these three

earthquakes and by twelve others that occurred between 1897 and 1907;

these included a magnitude (Ms ) 8.1 event on 1 October 1900 southwest

of Kodiak Island (Tarr & Martin, 1912; McCann and others, 1980) and a

nearby magnitude (M s ) 8.3 earthquake on 2 June, 1903, near 57" north

latitude, l56'west longitude (Richter, 1958).

A similar series of major earthquakes occurred along the plate boundary

between 1938 and 1964. Among these earthquakes were the 1958 Lituya 8ay

earthquake (magnitude (Mw) 7.7) and the 1972 Sitka earthquake (magnitude

(Ms ) 7.6), both of which occurred along the Fairweather fault system

in southeast Alaska; and the devastating 1964 Prince William Sound

earthquake (magnitude (M s ) 8.4) which ruptured the plate boundary over

a wide area from Cordova to southwest of Kodiak Island, with up to 39

feet (12m) of displacement (Hastie and Savage, 1970). Figure 4-2 shows

the aftershock zones of these and other major earthquakes in southern

Alaska and the Aleutian Islands. The main earthquakes and aftershocks

are inferred to have ruptured the plate boundary in the encircled

areas.

Three zones along the plate boundary which have not ruptured in the last

80 years have been identified as "seismic gaps" (Sykes, 1971). These

zones are located near Cape Yakataga in the vicinity of the Shumagin

Island, and near the western tip of the Aleutian Chain as shown in

Figure 4-2. The Yakataga seismic gap is of particular interest to the

Project because of its proximity to the site region. The rupture zone
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of a major earthquake filling this gap has the potential to extend down

the Ben ioff zone to the north and northwest of the coastal port ion of

the gap near Yakataga Bay.

The area of the Yakataga seismic gap was probably ruptured extensively

in the two great earthquakes of 1899 (Sykes and others, in press). The

Yakataga seismic gap extends for approximately 108 miles (175 km)

between the rupture zones of the 1964 earthquake and the most recent

large event on 28 February 1979 near Icy Bay (magnitude (M s ) 7.2).

Using early Russian felt reports and writings, Sykes and others (in

press) show that almost all of the plate boundary along the Alaska

Aleutian Arc has been ruptured previously in large or great earthquakes.

Consequently, the presently existing seismic gaps are considered to be

the probable sites of future large events rather than normally quiescent

areas where plate motion is relieved by aseismic slip. In Alaska,

the cylcle of large earthquakes with intervening periods of relative

quiescence is characteristic of activity on the Aleutian Ttonch along

the boundary between the North American and Pacific Plates.

The last large earthquakes in the Yakataga area occurred in 1899. No

information is available for earthquakes before 1899 for the Yakataga

area to estimate a recurrence interval, but the amount of displacement

during the 1899 events amounted to about 16 feet (5m). Sykes and others

(in press) estimate that 16 feet (5 m) ~ 8 feet (2.5 m) of potential

displacement could have been built up as strain by the continuing plate

motion (2.4 inches!yr (6 cm!yr)) since 1899, if there has been no

aseismic sl ip. llecause the 1979 magnitude (M s ) 7.2 earthquake near

Icy Bay occurred in the inferred rupture zone of the 1899 events, a

large or great earthquake may occur within the next two to three decades

in the remaining portion of the Yakataga seismic gap (Perez and Jacob,

in press).
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4.3 - Historical Seismicity

The historical seismicity within 200 miles (322 km) of the Project is

associated with three general source areas: the crustal seismic zone

within the North American Plate; the deep (subcrustal) Benioff zone; and

the shallow Benioff zone. The seismicity of these three source areas is

reviewed in this section following the discussion of seismic networks

and their effect on detection levels and location accuracy.

Prior to the installation of a seismograph at College, Alaska (COL) in

1935, only local felt reports or seismograph recordings made at distant

stations were available to determine epicenters and focal depths of

earthquakes in south-central Alaska. Among these distant stations were:

one at Sitka, Alaska, installed in April 1904, consisting of two

Bosch-Omori horizontal seismometers; one each at Berkeley and at Lick

Observatory in Cal ifornia, installed in 1B87 (publ ished readings began

in 1910 and 1911, respectively); and some Japanese stations developed in

1879. Davis and Echols (l962), Davis (l964), and Meyers (1976) have

published lists of felt earthquakes for Alaska dating from the 18th

century, although the very low-population density in Alaska prior to

1900 has precluded historical felt reports of earthquakes in the

interior of Alaska earlier than the large event of 1904.

During the early and middle portion of the twentieth century, prior to

1964, epicenters and focal depths of earthquakes in Alaska were computed

primarily from teleseismic data. Location uncertainty varied greatly

and depended on the specific combination of earthquake size and source

region depth. For example, la,ger earthquakes (magnitude (Ms ) greater

than 6) occurring within the shallow Benioff zone may have been well

recorded worldwide but may not have had clear pP phases to constrain

depth and may have been located using travel time curves that did not

account for local tectonic structure. Uncertainties in locat ion and

depth could be as large as 62 miles (100 km) or more. Earthquakes of
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uncertain focal depth are often constrained to 20 miles (33 km) to
compute the epicenter location. In addition, recomputations of some
earlier earthquakes, such as those published by Sykes (1971), have
probably reduced some of the original catalog errors.

The accuracy of epicenter locations improved slightly with the installa
tion of the seismograph at College, Alaska (near Fairbanks) in 1935, but
it was not until the mid 1960s, after the devastating 28 March 1964,
Prince Will iam Sound earthquake, that earthquake monitoring was sig

nificantly improved in central and southern Alaska. After the 1964
earthquake, epicentral and focal depth accuracy improved with the
installation of the University of Alaska Geophysical Institute (UAGI),
National Oceanographic and Atmospheric Administration (NOAA), and U. S.
Geological Survey seismic networks during the period 1964 to 1967, and
with the preparation of a velocity model for the area by Biswas (1974).

Since 1974, the focal depths of earthquakes recorded and located by the

UAGI are accurate to approximately plus or minus 9 miles (IS km)
with epicentral accuracy generally better than depth accuracy. Location

accuracy and magnitude detection levels have varied due to the number of
stat ions in operat ion at a given time and changes in data handl ing

procedures and priorties, so the above values may be too small for some
poorly recorded events. From 1967 to 1974, the focal depth error
estimates are approximately plus or minus 12 to 19 miles (20 to 30 km),
with epicentral uncertainty of plus or minus 12 to 16 miles (20 to 25
km). The accuracy of focal depth estimation within the U. S. Geological
Survey seismograph network is very good, probably plus or minus 6 miles

(10 km) or less. However, this network is south of the Project and
generally ouside of the site region.

The following discussion of historical seismicity is based on the

Hypocenter Data File prepared by NOAA (National Oceanic and Atmospheric
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Administration, 1980). Data from the U. S. Geol09ical Survey and
UAGI stations are routinely reported to NOAA for inclusion in world-wide
data analysis. Thus, particularly for earthquakes of magnitude 4 and
larger, the NOAA catalog represents a fairly uniform data set in terms
of qual ity and completeness since about 1964 (as explained below).
Earthquakes larger than magnitude 4 (using any magnitude scale) or
Modified Mercalli Intensity V are plotted in Figures 4-4, 4-5, and 4-6.
Earthquakes smaller than magnitude 4 or with no determined magnitude are
not included because they are cons idered to be too small to effect
seismic design considerations.

4.3.1 - Shallow Benioff Zone

The shallow Benioff zone is a major source of earthquake activity
that could potentially affect seismic design considerations. This
zone is the region of primary interplate stress accumulation and
release between the Pacific and North America Plates and is
indicated in Figures 4-4 and 5-2. The 28 March 1964 Prince William

Sound earthquake, discussed in Sections 4.1 and 4.2, is the closest
major interplate earthquake to the site region (as shown on Figures
4-2 and 4-4). Focal depths of earthquakes within the area of the
1964 aftershock zone are generally shallow, in the range of 15 to
28 miles (25 to 45 km) as shown in Figures 4-5 and 4-6.

Several additional large earthquakes have occurred durin1 the twen

tieth century in the same vicinity as the 1964 event. Two of
these, the magnitude (Ms ) 7-1/4 earthquake of 31 January 1912 and

the magnitude (Msl 6-1/4 earthquake of 14 September 1932, were
given focal depths of 50 and 31 miles (80 and 50 km), respectively.
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It is likely that these depths are not correct, since the recent

and better-located events are shallower and more consistent with

the tectonic model. Simil ar uncertaint ies in focal depth for

earlier earthquakes are discussed in Sections 4.3.2 and 4.3.3.

4.3.2 - Deeper Benioff Zone

The historical seismicity catalog as plotted in Figure 4-4 was

sorted during this study to select those earthquakes with depth

greater than or equal to 22 miles (35 km). This depth was selected

to exclude those events constrained to a depth of 20 miles (33 km).

On the basis of the results of the microearthquake study (Section

9), the seismically active portion of the upper plate does not

extend deeper than about 19 miles (30 km). The resulting data set

of subcrustal, Benioff zone earthquakes is shown in Figure 4-5.

Several surface geographic points are shown for reference, but

surface fault traces are left off the figure since the Benioff zone

lies beneath and is separated from surface geologic faults.

The Benioff zone descends in a northwesterly direction under inter

ior Alaska, through Cook Inlet and the Susitna Lowland to the

Alaska Range (Biswas, 1973; Davies and Berg, 1973; Van Wormer and

otners, 1973). It dips gently across a wide zone, and reaches a

depth of approximately 93 miles (150 km) near Mt. McKinley.

Although the deeper Benioff zone is discussed separately from

the shallow Benioff zone, they appear to be associated with a

continuous geologic unit (the subducting plate) with possible

differences in associated seismicity, as discussed in Section g.

The Benioff zone increases in horizontal extent (measured in the

dip direction) from west to east. It is approximately 124 miles

(200 km) wide along the Aleutian Arc and attains a maximum width of

approximately 291 miles (470 km) near Mt. McKinley (Figure 4-2).

The northeastern I imit of subduct ion is bel ieved to be located at
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approximately 64.1' north latitude. 148' west longitude (Agnew.

1980). 28 miles (45 km) north of the Hines Creek strand of the

Denali fault.

The northwestern portion of the subduction zone has been studied in

detail by Agnew (1980). He used a selected high-qual ity data set

to contour the upper edge of the 8enioff zone. and these contours

are reproduced in Figure 4-5. Additional details on the 8enioff

zone are discussed as a product of the microearthquake study in

Section g.

As shown in Figure 4-5. moderate-sized earthquakes have occurred on

the 8eniof zone almost directly beneath the Project sites. A

magnitude (Ms ) 4.7 event with a focal delJth or 47 miles (76 km)

which occurred on 1 October 1972 was located 6 miles (10 km) east

of the Devil Canyon site and also 17 ",iles (27 km) west of the

Watana site. An event of ma9nitude (Ms ) 4.6 with a focal depth

of 50 miles (80 km) occurred 16 miles (25 km) northeast of the

Watana site on 28 December 1968. On 5 February 1974. a mag

nitude (M s ) 5.0 event with a focal depth of 46 miles (75 km)

occurred 17 miles (27 km) southeast of the Devil Canyon site and 13

miles (21 km) southwest of the Watana site. A magnitude (M s ) 5.4

event with a focal depth of 66 mil.es (106 km) was located approx

imately 38 miles (62 km) northwest of the Devil Canyon site on 18

May 1975. Earthquakes recorded prior to 1964 include several large

earthquakes near the sites. A ma9n i tude (Mb) 6.1 event wi th a

focal depth of 49 miles (79 km) occurred on 2 May 1963 17 miles

(27 km) northwest of the Devil Canyon site. and an earthquake of

ma9nitude 5.1 with a focal depth of 59 miles (95 km) occurred

within 11 miles (17 km) southwest of the Devil Canyon site on 14

December 1963.
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An interes t i ng feature of Figure 4-5 is the reg ion of very low
seismic activity lying between the edge of the 1964 aftershock zone
and the area of seismic activity to the northwest on the Benioff
zone. T:-'is quiet zone does not appear to be a product of mis10ca
t ion or error in depth of focus, since Figure 4-4, with all the
seismicity data, also shows a low seismicity zone. The location of
this zone is refined in Section 9 and is discussed in terms of its
potential for future seismic activity.

4.3.3 - Crustal Seismicity

The historica record indicates that the seismicity within the
Talkeetna Terrain, which lies between the Denali and Castle
Mountain faults, is low. Figure 4-6 shows the data from Figure 4-4

for earthquakes with depths less than or equal to 19 miles (3D km).
The shallow seismic activity is discussed in terms of four areas:
the shallow Benioff zone, the Castle Mountain fault, the Talkeetna
Terrain, and the Denali fault.

Shallow Benioff Zone

As noted above in Section 4.3.1, the events included within the
area of the 1964 aftershock zone are most likely associated with
the interaction between the North American and Pacific Plates.

The seismic potential of this area is best assessed in terms of
seismic gap concepts, as discussed in Section 4.2.

Ca~t1e Mountain Fault

Five moderate to large earthquakes (magnitude (M s ) greater
than 5) have occurred in the general vicinity of the Castle
Mountain fault (Figure 4-6). A series of 4 events occurred

in 1933 (magnitude (M s ) 5.6 to 7.0) and a large earthquake
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occurred in 1943 (magnitude (Ms ) 7.3), all with assigned focal
depth of zero (National Oceanic and Atmospheric Administration,
1980; Sykes, 1971). These earthquakes all took place before good
station coverage existed in Alaska, and their locations and focal
depths are subject to substantial uncertainty. Because of the
occurrence at depth of more recent seismic activity (post 1964),
it is more likely that these earlier events actually occurred at
depth along the Benioff zone (Figure 4-5 shows substantial recent

activity taking place at depths of 31 to 50 miles (50 to 80 km)).
However, the association of this activity in 1933 and 1943 with a
surface fault, such as the Castle Mountain fault, cannot be
precluded. The 1933 activity was accompanied by a large number
of smaller felt events (Neumann, 1935), suggesting a shallow
source in the upper Cook Inlet area.

Talkeetna Terrain

Four moderate earthquakes have be~n located at shallow depths in
the Talkeetna Terrain; from west to east they are the 18 Janaury
1936 event of magnitude (M s ) 5.6, the 29 May 1931 event of
magnitude (Ms ) 5.6, the 3 July 1929 event of magnitude (Ms ) 6.25,
and the 17 July 1923 event of magnitude (Ms ) 5.6. As is the case
for seismicity in the vicinity of the Castle Mountain fault,

these earthquakes all took place prior to the installation of
regional instrumentation and are anomalous with respect to the
current seismic activity that is concentrated on the Benioff
zone. The location uncertainity of these events is such that,
even if they occurred in the crustal zone, they cannot be
definitively associated with specific faults.

Additional shallow events, in the depth range 19 to 22 miles (30
to 35 km), are included in Figure 4-4. These are small (magni
tude (Ms ) 4 to 5) and are widely scattered. On the basis of
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these events and the low-level crustal seismicity discussed in

Section 9, the seismic environment of the Talkeetna Terrain

appears very low. It should be noted, however, that the occur

rence of the 1964 earthquake may have affected the rate of

occurrence of earthquakes in the Tal keetn a Terra in by re1eas i ng

stress regionally and lowering the present level of instrumenta"

seismicity.

Dena1 i Fault

Within the study area shown in Figure 4-6, four earthquakes lie

along or to the north of the Denal i fault. Two of these, the

event of 21 January 1929 (magn itude (Ms ) 6.5) and the event of

4 July 1929 (magnitude (M s ) 6.5) were recorded and located

using worldwide stations. Both the epicenter location and focal

depth are uncertain, but the felt reports of the January event

(Heck and Bodle, 1931) suggest that it was shallow and occurred

south of Fairbanks and north of the Talkeetna Terrain.

The first instrumentally recorded earthquake in south-central

Alaska occurred on 27 August 1904 with a magnitude (M s ) of

7-3/4; it was located at 64" north latitude, 151" west longitude.

Very few news reports were published for this earthquake, reflec

ting the sparse population of the state. Figure 4-7 presents the

estimated Modified Mercalli felt intensities at locations where

the earthquake was reported. The instrumental epicentra1 loca

tion was determined from records made in California and could be

in great error. A1so, the pub1i shed hypocentra1 depth of 16

miles (25 km) is only an estimate. As shown in Figure 4-7,

the earthquak e appear s to have been felt more strong 1yin

western Alaska than elsewhere in the state. Thus, the epicentral

location may actually be farther west than originally plotted

using the teleseismic records.
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The location and geologic association of the 1904 event are very

uncertain. The present data do not sUbstantially constrain the

location and it could be associated with either the Oenal i fault

or the westernmost portion of the Benioff zone. These two

sources are the most likely, since the size of the event requires

association with major tectonic features.

The 7 July 1912 earthquake occurred after the population and num

bers of newspapers had increased dramatically in the Alaskan

interior. Felt reports and assigned intensities are summarized

in Figure 4-B. The intensity pattern suggests that the earth

quake was sha~low and could have occurred on the Denali fault.

The Denali fault in this area is covered with glaciers, and the

observation of any evidence for recent surface breakage is

unl ikely.

Sykes (1971) and Tobin and Sykes (1966) have associated smaller

((Ms ) 4 to 5) historical earthquake activity with the Denali

fault, particularly along the central McKinley strand and the

trace of the Denali fault about 62 miles (100 km) east of the

site region as shown in Figure 4-6. The seismic character of the

Denali fault appears similar to that of the San Andreas fault in

Cal ifornia; that is recurrent large earthquakes with major

surface faulting separated by intervals of low seismic activity.

The possible association of moderate to large historical earth

quakes with the Denali fault is consistent with the geologic

evidence for recent displacement; thus, the seismic potential for

the Denal i fault is not strongly dependent on the historical

seismicity.
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5 - TECTONIC MOOEL--TALKEETNA TERRAIN

The site region consists of a tectonic unit designated here as the

Talkeetna Terrain, a sub-unit of the Wrangell Block (Figures 4-1 and

5-1). The Talkeetna Terrain is defined as that region of Alaska which

is bounded on the north by the McKinley strand of the Oenal i fault,

on the east by the Denal i-Totschunda fault system, on the south by

the Castle Mountain fault, and on the west by a zone of deformation

extending from the Aleutian volcanic chain (which ends at Mt. Spurr) to

Mt. McKinley (Figure 5-1). All of these crustal boundaries are faults

with recent displacement except for the western boundary which is

primarily a zone of uplift marked by Cenozoic age volcanoes. The

Aleutian megathrust associated with the sUbducting Pacific Plate bounds

the base of the Talkeetna Terrain (Figures 5-1 and 5-2). A discussion

of the plate tectonic framework in which the site region is located is

presented in Section 4.1 and is briefly summarized here.

The Pacific Plate is moving north-northwest at a rate of about

2.4 inches/yr (6 cm/yr) with respect to the North American Plate

(Lahr and Plafker, 1980). In the region of Prince William Sound where

the coastline bends westward, there is a transition zone in which

translational motion between the Pacific and North American Plates along

the Queen Charlotte Islands-Fairweather fault system is transferred to

subduct ion of the Pacific Plate along thrust faults in the northern

Gulf of Alaska and the Aleutian Trench (Figure 5-1). At the southern

boundary of the Tal keetna Terra in, the pos i t ion of the Ben ioff zone

suggests that the Pacific Plate is decoupling from the North American

Plate and that they are not directly interacting with one another within

the Talkeetna Terrain. Most of the deformation in the Talkeetna Terrain

resulting from the convergence of the Pacific and North American Plates

appears to be occurring along the boundaries of the Terrain, leaving the

interior region relatively free of recent deformation.
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A broad area of deformation extending from Montague Island east to

the Pamploma Ridge in the Gulf of Alaska is believed to accommodate much

of the convergence between the tectonic plates. This area includes the

thrust faults in the Chugach-St. Elias Mountains where the 28 February

1979 earthquake (Ms) 7.2 occurred. These structural features largely

accommodate the transition from strike-slip faulting along the eastern

Gulf to the Aleutian megathrust of the western Gulf.

The Castle Mountain fault is also recognized as a feature actively

accommod at i ng a small amount of convergence along the southern marg i n

of the Talkeetna Terrain. In the region approximately corresponding to

the trace of the Castle Mountain fault (Figures 5-1 and 5-2), the

subducting Pacific Plate is decoupled beneath the Talkeetna Terrain as

indicated by seismicity data (Agnew, 1980; Section 9 of this report).

The deformat ion imparted to the Talkeetna Terr ai n from the Aleut i an

megathrus t is probab ly expressed 1arge ly as duct il e deformat ion, at

depth, north of the Castle Mountain fault. However, recent displacement

on the Denali fault north of the Terrain indicates a small amount of

convergence is transmittp.d through the Talkeetna Terrain.

The Castle Mountain fault is a right-lateral strike-sl ip fault with a

significant component of north-side-up reverse slip (Page and Lahr,

1971; Detterman and others, 1976). Its surface expression is easily

recognized between the Susitna River and the western Matanuska Valley,

but its western extension beyond the Susitna River is not well doc

umented. On the eastern end, the Castle Mountain fault apparently dies

out in a series of splays, but evidence of faulting exists as far east

as the Copper River bas'n.

The northern and eastern boundaries of the Talkeetna Terrain are

the Denali and Totschunda faults (the latter includes an inferred

connection with the Fairweather fault), respectively. These faults are

right- ~ateral strike-sl ip faults that exhibit progressively lower sl ip

rates northward and westward frO'11 the Tal keetna Terrain as transform
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motion between the Pacific and North American Plates is dissipated away

from the plate interaction. Motion on the Fairweather fault (southeast

of the Totschunda fault) of about 1.9 to 2.3 inches/yr (4.8 to 5.8

cm/yr) (Plafker and others, 1978) is roughly equivalent to the conver

gence rate between the Pacific and North American Plates. Much of this

motion is probably transferred through the Gulf of Alaska to the

Aleutian Trench while part is distributed farther north, as only about

0.4 to 1.3 inches/yr (O.g to 3.3 cm/yr) of displacement is transferred

to the Totschunda fault and the section of the Denali fault south of the

Delta River (Richter and Matson, 1971; Plafker and others, 1977). A

connection between the Fairweather and the Totschunda faults has been

inferred as a recently establ ished break less than about 65,000 years

old (Lahr and Plafker, 1980). Near the intersection between the

Totschunda and Denali faults, the Denali fault has a rate of Jisplace

ment as high as 1.4 inches/yr (3.5 cm/yr). At the Delta River, the

Denali fault bends westward and exhibits only about 0.4 to 1.8 inches/yr

(1 to 2 cm/yr) rate of displacement on the McKinley strand (Hickman and

others, 1978).

The 8roxson Gulch thrust fault, described by Stout (1965, 1972),

and Stout and Chase (1 gOO ) among others, trends southwestward from

the Denal i fault (where it intersects the Delta River) throu9h the

Tal keetna Terrai n. Th is feature and its southwestward cont inuat ion 

the Talkeetna thrust fault - is proposed to have been a major fault

system in Mesozoic through Tertiary time (Csejtey, 1980) as it accom

modated postul ated differ,~nces in rates of rot at ion of paleotectonic

units along the Denali fault (Stout and Chase, 1980). However, no

evidence of post-Tertiary displacement along the Talkeetna thrust fault

and Broxson Gulch thrust fault has been observed (Csejtey, 1980; Stout

and Chase, 1980).

The sum of the rates of displacement along faults in southern Alaska are

less than the rate of convergence of the Pacific Plate relative to the

5 - 3



North American Plate as discussed above. It is suggested here that a

significant portion of that unaccounted-for convergence may be trans

mitted northward. even beyond the Denali fault. and is reflected at the

surface in three ways: (1) as broad folds and reverse faults in the

Pliocene(?) Nenana Gravels in the Nenana River valley (Wahrhaftig,

197Da. 197Db; 197Dc; Hickman and others. 1978); (2) as northward

thrusting along the northern front of the Alaska Range; and (3) as the

overall uplift of the Alaska Range. The approximately 0.4 inches/yr (1

cm/yr) of right-lateral displacement on the McKinley strand of the

Denali fault abruptly diminishes to imperceptible amounts westward from

the Mt. McKinley area. The dissipation of this remaining amount of slip

along the Mt. McKinley strand may contribute to ductile and brittle

deformation in the interior of Alaska and the western boundary of the

Talkeetna Terrain.

The western boundary of the Talkeetna Terrain is ambiguous ,tnd appears

to be represented by a wide zone of upl ift. predominantly as ductile

deformation in a broad zone, as shown in Figure 5-1. This zone,

including the volcanoes from the Aleutian chain. was chosen as the

western margin because it is apparently the focal zone of uplift and

deformation on the western side of the Talkeetna Terrain. The Aleutian

1ine of volcanoes is bel ieved to result from the down-going Pacific

Plate reaching the critical depth for melting the subducted crust.

resulting in magma production. This "soft zone" in the overriding plate

is an appropriate location for the remaining convergent stresses

in the Talkeetna Terrain to be accommodated by uplift, plastic deforma

tion, and imbrication resulting in the broad zone of deformation shown

in Figure 5-1.

Although the Talke~tna Terrain is surrounded by margins subject to

deformation. the interior is relatively stable and apparently behaves as

a coherent unit partly decoupled from the North American Plate. The

evidence for this conclusion is the absence of major brittle deformation

within the Terrain that appears to be related to current stress condi

t ions, and the absence of major earthquakes tht clearly have occurred
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within the Terrain as discussed in Section 4. Major faults with recent

displacement have not been observed within the Talkeetna Terrain during

this investigation as discussed in Section 8. This lack of recent

deformation leads to the conclusion that strain release is occurring

primari ly along the margins of the Terrain, as shown by the major faults

(Denali, Totschunda, and Castle Mountain), and that the Talkeetna

Terrain is a relatively stable unit.
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6 - REGIONAL GEOLOGIC SETTING OF THE TALKEETNA TERRAIN

6.1 - ~ional Geologic Setting.

The geologic setting and geologic history of the project region are
directly related to the tectonic setting of south-central Alaska as
discussed in Sections 4.1 and 5, and as summarized in Figures 6-1
and 6-2. The Talkeetna Mountains and adjacent areas are continental
crust accreted to Alaska as part of the dominantly allochthonous terrain
comprising southern Alaska. This terrain has been interpreted to
constitute an enormous tectonic mosaic composed of separate structural
blocks and fragments of allochthonous continental blocks accreted to the
ancient North American Plate during Mesozoic time (Figure 6-1 summarizes
geologic time units) and early Cenozoic time (Richter and Jones, 1973;
Csejtey, 1974; Jones and others, 1977; Csejtey and others, 1978; Jones
and Silberling, 1979). Although the exact number or even the extent of
these blocks is still imperfectly known, paleontologic and paleomagnetic
studies suggest that the blocks moved northward considerable distances
prior to collision with the North American Plate (Hillhouse, 1977;
Packer and others, 1975; Stone and Packer, 1977).

Although the Talkeetna Terrain, as defined by the major structural
elements bounding it (Section 5), includes the Wrangell Mountains, the
area of interest for this discussion includes only the Talkeetna Moun
tains and adjacent topographic lowland areas. The Talkeetna Mountains
are a roughly circular mountain mass separated topographically from the
Alaska Range by the broad glaciated Susitna Lowland and Chulitna
River valley to the west and northwest, respectively. The Copper River
Lowland or Basin forms the eastern boundary (Figure 1-1). The Talkeetna
Mountains are bounded on the south by the fault-controlled Matanuska
valley.

The central Talkeetna Mountains are extremely rugged, and are dominated
by heavily glaciated peaks between 6,000 and g,OOO feet (1,829 to
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2,744 m) in elevation. To the, northlOest, the mountains form a broad

roll ing, glacially scoured upland which is dissected by deep glaciated

va lleys.

The rocks of the Talkeetna Mountains and adjacent areas can be

classified in three distinct bedrock groups on the basis of age and

rock type following in part the studies of Csejtey (1974) and Csejtey

and others (1978). These bedrock groups lie within a northeast

southwest structural grain and include:

(1) a Mesozoic metasedimentary sequence of marine origin northwest of

the Talkeetna thrust fault;

(2) a northeast-southwest trending Jurassic to late Cretaceous or late

Tertiary batholithic complex (including Paleozoic volcanic units)

southeast of the metasedimentary sequence that forms the backbone

of the Talkeetna Mountains; and

(3) a late Mesozoic sedimentary and Tert iary volcanic sequence south

east of the batholithic complex (Figure 6-2).

8edrock outcrops are often limited locally because of an extensive

mantle of Quaternary deposits. Therefore, interpretations of bedrock

geology (such as that shawn on Figure 6-2) are often inferred locally

from their limited exposures. However, aeromagnetic data have

been used by various investigators to interpret the bedrock distribu

tion and to identify lithology contrasts across faults as discussed

below.

A major bedrock contrast coincides with a distinct difference in

the aeromagnetic pattern in the Talkeetna Mountains. The abrupt

6 - 2



change coincides with the major northeast-southwest trending Talkeetna
thrust fault and Broxson Gulch thrust fault that juxtaposes the
Mesozoic batholithic cOlJlllex (including Paleozoic volcanic units) on
the southeast against the Mesozoic metamorphosed sedimentary sequence
on the northwest (Csejtey and Griscom, 1978). Aeroma9net ic data in
the Copper River basin (Andreasen and others, 1964) generally indicate
a parallel geologic grain that correlates with the lithology and
structure of rocks exposed on the eastern Talkeetna Mountains.

The Mesozoic metasedimentary sequence northwest of the Talkeetna
thrust fault, inc ludes allochthonous Tri ass ic and Jurass ic flysch
deposits and autochthonous Cretaceous flysch deposits which were
deposited in marine environments and subsequently metamorphosed. The
allochthonous sequence, particularly in the Chulitna area (Fi9ure
6-2), form part of a continental crustal block that was tectonically
accreted to rocks of similar age and type (the Cretaceous sequence)
along the margin of the North American Plate. Most of these Triassic
and Jurassic rocks do not occur elsewhere in Alaska, and fossil faunas
and lithologic characteristics of the rocks suggest that they were
deposited as sediments in warm water at low paleolatitudes (Jones and
others, 1978).

Locally, the Triassic and Jurassic rocks experienced a moderate
to high grade of metamorphism (amphibol ite facies) as they moved
northward on the Pacific Plate prior to their collison with the
North American Plate. After collision occurred, the rocks were
obducted northwestward onto the cont inenta1 margin at least several
hundred miles (several hundred kilometers (Csejtey and others, 1978)).
The southwest trending ophiolitic assentllage of the upper Chulitna
district is indicative of the oceanic crust squeezed up at the
suture zonp. of the colliding blocks (Figure 6-2). The autochthonous
Cretaceous flysch deposits are described by Csejtey and others (1978)

"6 - 3



as a monotonous turbidite sequence of argi 11 ite and graywacke sand

stone which was probably deposited on the margin of the North American

Plate.

The Jurassic to early Tertiary batholithic complex includes epizonal

and mesozona1 plutons that under1i e 1arge port ions of the cent ra 1

Tulkeetna Mountains (F igure 6-2). Compos it ions range from biot ite

hornblende granodiorites to tonalite (Csejtey and others, 1978).

C5ejtey and others (1978) indicate that the epizonal granitic rocks of

Jlurassic age are associated with regional metamorphism and deformation

dluring a ·Jurassic tectonic event. Emplacement of early Tertiary and

Cretaceous multiple intrusions is probably a product of the middle

Cretaceous alpine style orogeny result ing from crustal block conver

gence; many of the plutons exhibit well-developed northQast-southwest

trending shear fol iat ion (Csejtey and others, 1978). The shearing

causing the foliation is as much as 15 miles (25-km) wide and trends

across the Talkeetna Mountains parallel to, and southeast of the

Talkeetna thrust fault.

The batholith complex is bordered on the northwest within the central

Talkeetna Mountains by a Paleozoic volcanic (and metavolcanic)

sequence that includes some Triassic volcanic units (Figure 6-2).

This volcanic sequence is described by Csejtey and others (1978)

as marine sequence of volcanic flows, tuffs, and volcanic clastic

deposits which have subsequently been metamorphosed.

The late Mesozoic sedimentary and Tert iary volcanic sequence (south

east of the Jurassic to early Tertiary plutons) consists of Cre

taceous, clastic shelf deposits belonging to the Matanuska Formation

and a Paleocene to Miocene felsic to mafic subaerial volcanic sequence

which in part overlies portions of the plutonic rocks. The volcanic

sequence consists of intercalated flows and pyroclastic deposits

interpreted to be vent and near-vent depos its of stratovo lcanoes.
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These rocks are deformed by a complex pattern of normal and high-angle

reverse faults which are part of the late Cenozoic Castle Mountain

f au~~.

Structure

In the Talkeetna Mountains rocks have undergone complex and intense

thrusting, folding, shearing. and differential uplift with associated

regional metamorphism and plutonism. At least three major periods of

deformation are recognized by Csejtey and others (1978): (1) a period

of metamorphism, plutonism, and uplift in the Jurassic Period; (2) a

middle to late Cretaceous alpine-type orogeny; and (3) a period of

normal and high-angle reverse faulting and minor folding in the

Tertiary Period possibly extending into the Quaternary Period.

Jurassic deformation is characterized by emplacement of epizonal

granodiorite plutons and associated regional metamorphism which

altered the broad clastic marine sedimentary wedge to the north.

Simultaneous crustal uplift caused rapid denudation of the plutons and

produced a major nonconformity of the Talkeetna Formation. an inter

bedded Jurassic sedimentary and volcanic rock sequence located to the

southeast of the Talkeetna Mountains (Figure 6-2). The dominant

features of the mi ddle Tert iary to Quaternary deformat ion are the

Castle Mountain fault and two normal faults in the Chulitna River

valley.

Most of the structural features in the region are a result of the

Cretaceous orogeny associated with accretion of northwest drifting

continental blocks to the North American Plate (as discussed in

Section 4.1). This plate convergence produced a pronounced northeast

southwest trending regional structural grain. The orogeny is typified

by complex folding and thrusting as these cont inental allochthonous

rocks were obducted upon the edge of the North American Plate.
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The roountains of the Alaska Range are a product of this deformation.

Deformation is particularly intense northwest of the Jurassic and

Cretaceous plutonic belt. Folds are isoclinal with amplitudes

from severa 1 hundred to severa 1 thousand meters, and the 1imbs are

generally sheared or faulted out (Csejtey and others, 1978). Several

episodes of the orogeny are indicated by thrust faults which not only

truncate folds but are themselves folded.

The Talkeetna thrust fault (including the 8roxson Gulch thrust fault)

is the roost prominent of the Cretaceous faults within the Talkeetna

Mountains. Csejtey and others (1978) indicate that Paleozoic.

Triassic, and Jurassic rocks ~re thrust northwestward over the Cre

t aceou s flysch sequence on a southeas t di pp ing f au lt --the Ta lk eetna

Thrust fault. However, aeromagnet ic data interpretations by Csejtey

and Gri scom (1978) and Gri scom (1978) i nd i cate th at the southern

extension of the fault south of the Talkeetna Mountain quadrangle

dips northwest. Work on the Broxson Gulch thrust fault, the northern

extension of the Talkeetna thrust fault, by Stout (1965) and Stout

and Chase (1980) indicates that the fault also dips northwest.

The age of the Cretaceous orogeny is well-bracketed by strat igraph ic

evidence. The youngest rocks involved are Cretaceous argillite and

graywacke sandstone units that have large folds and well-developed

axial plane slaty cleavage. Late Paleocene granitic plutons intrude

the folded and faulted country rock including the Talkeetna thrust

fault but are structurally unaffected. A slightly older upper age

bracket is provided by the 61 to 75 m.y. old tonalite (or quartz

diorite) pluton that cuts and is unaffected by the prominent shearing

in the central Talkeetna Mountains (Csejtey and others, 1978). The

most important orogenic deformations, therefore, must have taken place

during middle to late Cretaceous time.

Tert i ary deformat ions are expressed by a CO"" lex system of norma 1,

oblique-slip, and hi.gh-angle reverse faults. The Castle Mountain
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fault, along which the southern Talkeetna Mountains have been uplifted

locally as much as 9,184 feet (2,800 m) (Detterman and others, 1976),

exhibits evidence of activity continuing to the present (Section 7.2).

The Denali fault, a right-lateral strike-slip fault (as discussed in

Sections 4.1, 7.2, and 8.4) exhibits evidence of fault displacements

in Tertiary and Quaternary time. Deformation is associated with

continued northwest convergence of the Pacific Plate with respect to

the North American Plate as described in Sections 4.1 and 5.

6.2 - ~iona1 Surface Geo1ogl

8y the end of the Tertiary Period, most of the area within the Talkeetna

Terrain was elevated to approximately its present elevations. 8eginning

in Quaternary time, slight climatic modifications altered the erosive

processes, i.e., the physical weathering. These processes changed from

those domi nant in temperate climates to those processes characteri st ic

of glacial and periglacial environments--g1acia1 scour, frost action,

and solifluction. The intensity of the climatic conditions fluctuated

through the Quaterflary Period, but active glaciers along the southern

flank of the Alaska Range and the high peaks of the Talkeetna Mountains

indicate that these geomorphic processes are act ive today throughout

much of the region. Glaciers covered about 50 percent of the present

area of Alaska at various times, but the area south of the Alaska

Range crest was nearly inundated by ice (Pewe, 1975). Coalescing ice

from both the Talkeetna Mountains and the Alaska Range merged to form

icecap conditions. As a result, Quaternary to Recent deposits (includ

ing colluvium) mantle virtually all of Alaska. These unconsolidated

units include fluvial, glacial, lacustrine, and colluvial deposits

(Figure 6-3).

The surface geology map (Figure 6-3) modified from Karlstrom and

others (1964) indicates that much of the mountainous and hilly regions
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are veneered with coarse pebbly to fine-grained colluvial deposits.

Intense frost shattering and solifluct ion, results of the rigorous

climate, have produced rock and soil debris which mantle all but the

steepest slopes. Glacial scouring by alpine glaciers, which followed

pre-exist ing stream valleys, cut deep U-shaped valleys into the upland

ar~as.

Three different ages of Pleistocene drift units have been identified.

Differentiation of drift units is based on position and extent of the

deposits and on the degree of morphologic modification of the associated

moraines. Age assignments and correlation of glacial deposits by

Karlstrom and others (1964) for selected areas indicate that: highly

modified moraines are pre-Illinoian; modified moraines are Illinoian;

and little modified moraines are Wisconsinan (Figure 6-3). Significant

morainal complexes, which define the limits of a particular glaciation

or of prominent advances, are also indicated in Figure 6-3.

Extensive deposits reported to be of glacio-lacustrine origin are found

in the Sus itna Lowl and/ Cook I nlet area and in the Copper River Bas in

area in the southeastern part of the site region (Figure 6-3). Con

vergence of gl aci a1 flow from the surroundi ng mounta ins repeatedly

blocked drainage, thus producing huge proglacial lakes. The reported

lacustrine deposits are finely laminated, rhythmically bedded sand,

silt, and clay with ice-rafted pebbles (Pewe, 1975). Although reported

as lake clay in the Cook Inlet area by Karlstrom (1964) and Karlstrom

and others (1964), detailed studies of fossil forminifera from drill

core indicate the clay may be of marine origin (Hansen, 1965).

the up 1and areas between

of the footh i lls and the

Alluvial fan deposits are restricted to the

Range where alpine-style glacial processes

restrial sands and gravels are confined in

major va lleys but cover broad areas north

northern limits of glacial deposits.

6 - B

north side of

are dami nant.

the Alaska

The ter-



Fluvial, valley train, and terrace deposits are found along the major
river valleys and ncluding those downstream from active glaciers. Most
of the major rivers receive glacial meltwater, consequently, most
fluvial deposits generally consist of unconsolidated clean sand and
gravel. Valley trains are currently being formed by broad anastamosing
meltwater streams carrying voluminous amounts of outwash debris.
Although terraces are similar in lithology and origin to modern valley
trains, rejuvenation of river downcutting has isolated these surfaces
from active deposition.
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7 - GEOLOGIC SETTiNG OF THE SUSITNA HYDROELECTRIC PROJECT REGION

7.1 - Geologic Setting of the Project Area

The geologic setting and structural features characteristic of the
Project area, which are shown in Figure 7-1, result from, and are an
integral part of the regional geologic conditions as outlined in Section
6.1. The rock types and structural elements are a function of a complex
history of deformational episodes associated with plate tectonic inter
action. The geologic map, modified after Csejtey and others (1978),
covers both the Devil Canyon and Watana sites and associated areas
(Figure 7-1). Detailed mapping supplemented by radiometric age dating
(Csejtey and others, 1978) has allowed some refinement of the rock types
and ages presented by Beikman (1974) (Figure 6-2). The only other
detailed geologic study prior to Csejtey and others (1978) was that by
Kachadoorian (1974), who investigated the geology of the area about the
Devil Canyon site. In addition, this area has been included as part of
larger regional geologic and tectonic studies by numerous investigators.

The physiography of the area varies from rugged, steep, glacial-sculp
tured mounta in ridges in the southeast and north to a broad, g1ac i a11 y
scoured upland plateau to the west. A broad, structurally controlled
intramontane basin trends northeast-southwest through the central
portion of the area shown in Figure 7-1. Drainage generally parallels
the regional topographic grain--northeast-southwest. The Susitna River
valley, except for minor deflections, cuts obliquely across the regional
grain.

7. 1.1 - Bedrock

The oldest rocks in the Talkeetna Mountains occur in a northeast

southwest trending belt across the southeast corner of the Project
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area (Figure 7-1). This unnamed unit consists of a dominantly
Pennsy1van ian to Perm i an mar ine seq'Jencc of inter1ayered metabasalt
to metaandesite flows and tuffs with subordinate fine-grained
clastic units and has an aggregate thickness over 16,400 feet
(5,000 m) (Csejtey and others, 1978). The composition and litho
logic character of the sequence strongly suggests that it repre
sents a remnant of a complex volcanic arc system (Csejtey, 1974;
1976). Regional metamorphism in early to middle Jurassic time

produced low-grade metamorphic mineral assemblages. During
the later alpine-type orogeny in middle to late Cretaceous time,

the whole sequence was tightly folded and complexly faulted.
Displacement along the Talkeetna thrust fault has juxtaposed these
Paleozoic rocks against Mesozoic rocks to the northwest.

Triassic and Jurassic metasedimentary, and metavolcanic rocks
unconformably overlie Paleozoic rocks. Triassic rocks consist of a
Shallow-water marine sequence of amygdaloidal metabasalt flows and
thin interbeds of chert, argillite, and marble in the eastern part
of the Project area (Figure 7-1) and a similar sequence of inter
bedded amygdaloidal metabasalt flows and slate in the northwestern
part of the Project area. The lithologies of the metabasalts
are virtually identical, and these two rock sequences may have been

deposited in different locales and subsequently were brought
closer by Cretaceous age thrusting. Mineralogy suggests that both
sequences underwent low-grade regional metamorphism associated with
early to middle Jurassic plutonism and deformation (as discussed in

Sect ion 6. 1).

A lower to rniddle Jurassic amphibolite unit lies in close proxi
mity to middle to upper Jurassic granodiorite plutonic rock,

in the southeastern corner of the Project area (Figure 7-1).
The amphibolite includes subordinate amounts of greenschist and
foliated diorite. The metamorphic rocks were probably derived
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from both the Paleozoic volcanogenic sequence and the Triassic
metabasalt sequence. Adjacent to the amphibol ite are dominantly

plutonic rocks of granodiorite composition emplaced as multiple

intrusions from a common magma source. Isotopic age determinations

indicate emplacement took place between 150 and 175 m.y.b.p.
(Csejtey and others, 1978). The northwest margin of both the
granodiorite and amphibolite have been cataclastica11y deformed by

Cretaceous aged shearing producing a pronounced northeast-southwest
trending secondary foliation.

The plutonic and metamorphic rocks associated with Jurassic

plutonism and metamorphism were regionally uplifted and experienced

subsequent rapid erosion. Material eroded from the uplifted region

was depos ited as a monotonous flysch sequence of lower Cretaceous

shale (subsequently altered to argillite) ~nd lithic graywacke

sandstone. These un its are present northwes t of the Tal keetn a

thrust fault as shown in Figure 7-1. The lithic graywacke sand
stone consists of angular to subrounded grains of fragments from
aphanit ic volcanic rocks, low-grade metamorphic rocks, and fine

grained sedimentary rocks. Sedimentary structures within the

flysch depos its, such as cross -strat i f icat ion, are ev idence for
depos it ion from east and northeast source areas towards the west

and southwest. These flysch depos its have undergone low-grade
dynamometamorphism, complex thrust fault ing, and compression into

tight and isocl ina1 folds (Csejtey and others, 1978; 1980) as a

result of the Cretaceous orogeny.

Undifferentiated Paleocene granite and schist units are confined to

the northeast quadrant of the Project area (Figure 7-l). These

rocks consist of small granitic bodies, 1it-par-lit type migmatite,

and pelitic schist. Contacts among these units are ge,era11y

gradational. The proximity of the schist to the small granitic

bodies and the occurrence of 1it-par-lit injections are suggestive
of contact metamorphism in the roof zone of a large Paleocene

pluton.
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Undifferentiated Tertiary sedimentary rocks are exposed along

Watana Creek (Figure 7-1). The rocks consist of fluviatile con

glomerate, sandstone, and claystone with thin interbeds of lignitic

coal. The lack of fossil evidence precludes definitive correlation

with similar 1ithologic units in the southern Talkeetna Mountains

outside of the site region (Figure 6-2).

During the late stages of the Cretaceous orogeny into early

Tertiary time, northwest convergence of the continental blocks

(Section 5) led to the intrusion of plutons (of different composi

tions) into the flysch and older country rocks. These plutons

were intruded primarily into the Cretaceous argillite and lithic

graywacke sandstone sequence as shown in Figure 7-1. Rad iometr ic

age determinations of the plutons (composed of biotite granodiorite

and the biotite-hornblende granodiorite) suggest they were intruded

in Paleocene time approximately 56 to 58 m.y.b.p. Comparative

whole rock chemical compositions indicate that these granitic rocks

may be plutonic equivalents of some of the felsic volcanic rocks in

the lower portion of the overlying Paleocene to Miocene volcanic

rocks, discussed below.

Undifferent iated Paleocene to Miocene volcanic rocks cons ist of a

th ick sequence of fe 1s ic to maf ic subaer i a1 vo lean icrocksand

re 1ated shallow intrus ives. Th i s sequence is present throughout

the Project area (Figure 7-1). lower parts of the sequence consist

of small stocks, irregular dikes, lenticular flows, and thick

layers of pyroclastic rocks ranging in composition from quartz

latite to rhyolite, possibly equivalent to the Paleocene plutonic

rocks described above. Upper parts of the sequence consist of

gently dipping andesite and basalt flows interlayered with minor

amounts of tuff.

Quaternary depos its mantle much of the surface shown in Figure

7-2. A deta il ed disc uss ion of these Quaternary depos its and the

glacial chronology of the area is presented in Sect ion 7.2.
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7.1.2 - Structure

The three main structural features identified by Csejtey and others

(1978) in the Proj ect area shown in Figure 7-1 are the Talkeetna

thrust fault, a northeast-southwest trending zone of inferred

shearing and an unnamed thrust fault northwest of the Talkeetna

thrust fault. These structural features are bel ieved to be the

result of the Cretaceous orogeny associated with accretion of the

northwestward moving Talkeetna Terrain to the North American Plate

(Section 5). The accretionary process and Cretaceous orogeny

produced a pronounced northeast-southwest trending structllra1

grain which in turn controls the topography.

The allochthonous continental block was ~~ducted onto the North

American Plate several hundred kilometers. The main thrust fault,

along which most movement presumably occurred, is the Talkeetna

thrust fault (including the Broxson Gulch thrust fault) (Figure

7-1). Although the Susitna feature (Turner and Smith, 1974; Turner

and others, 1974) is discussed in Section 8 and identified in

Figure 7-1, it was not included on the original map by Csejtey and

others (1978) oecause Csejtey found no evidence for its existence

anywhere along the suggested topographic 1 ineament (Csejtey,

1980) .

Although the Talkeetna thrust fault is poorly exposed, Csejtey and

others (1978) indicate a southeast-dipping fault as shown in Figure

7-1. However, interpretat ions of aeromagnet ic data by Gr iscom

(1978) suggest that the possible extension of the fault southwest

ward of the Susitna River near Talkeetna dips northwest. Studies

on the Broxson Gulch thrust fault, the northeast extension of the

Talkeetna thrust fault, by Stout (1965) and Stout and Chase (1980)

and Chase (1980) Indicate this segment dips northwest. Continued

stud i es are needed in the proj ect area in order to determ i ne the
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fault orientation. Stratigraphic evidence indicates that the fault

is intruded by Paleocene plutonic rocks, and overlain by Tertiary

volcanic units that are structurally unaffected by the fault

(Csejtey and others, 1978). These relationships suggests that

movement on the Talkeetna thrust fault ceased by Paleocene time;

however, the evidence is not conclusive.

The zone of Cretaceous shearing, as inferred by Csejtey and others

(1978), lies parallel to and southeast of the Talkeetna thrust

fault (Figure 7-1). These authors believe the zone may represent

an old thrust zone of significant displacement which altered

Jurassic plutonic rocks to cataclastic gneiss. Dips are generally

southeast, and it is locally as much as 15 miles (25 km) wide. A

Cretaceous to Paleocene age tonal ite pluton truncates this shear

zone and is not affected by it, suggesting that the shear zone is

pre-Paleocene in age.

The unnamed thrust fault (northwest of the Talkeetna thrust fault)

trends east-west in the northern portion of the project area

(Figure 7-1). Along this fault, upper Triassic metabasalt flows

and slate have been thrust southward over Cretaceous argillite and

lithic graywacke sandstone. The metabasalt flows are similar in

age and I ithology to the metabasalt flows to the southeast. The

two sequences may represent different facies of the same geologic

terrain brought closer together by Cretaceous crustal shortening

associated with convergence of the plates.

7.2 - Surface Geology of the Project Area

As indicated previously in Section 6.2, much of the Project area has

been glaciated in Quaternary time and is now mantled by various glacial

depos its (F igure 6-3). Understandi ng the Quaternary chronology and
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correlation of these deposits is important for the evaluation of the

re1at i ve age or abso 1ute age of un its that may be i nvo 1ved in recent

fault ing.

For this investigation, the surface geology study area (designated here

as the area shown in Figure 7-2) inc 1uded both the Dev il Canyon and

Watana areas and major segments of the significant features described in

Section 8.5 The study area shown in Figure 7-2 was selected to include

sufficient geographic area to be representative of the glacial history

in the Project area.

Little infonnation is available in the published literature regarding

the glacial history of, or Pleistocene deposits in the Talkeetna

Mountains. The geology map of the Project area by Csejtey and others

(1978) does not differentiate Quaternary sediments as shown in Figure

7-1. An undated surface geo logy map by the U. S. Anny Corps of Eng i

neers distinguishes till, lacustrine, and alluvial sediments, but

the area of the map is limited to a zone on either side of the Watana

site and reservoir area.

8ecause of the lack of glacial geologic infonnation in the site area, a

preliminary glacial geology study was conducted as a part of this

investigation. Dr. Nonnan Ten 8rink, of Grand Valley State College,

Michigan, conducted a reconnaissance study of the area to identify the

major Quaternary units and to develop prel iminary criteria (based on

weathering characteristics) for relative age dating of the units.

Weathering characteristics have been used as a consistent and reliable

relative age-dating technique for the glacial deposits on the north

side of the Alaska Range (Ten 8rink and Ritter, 1980; Ten 8rink and

Waythomas. in press). However. eva1uat ion of weather i ng rates on the

south side of the Range suggests that weathering is much more rapid than

on the north side because of increased precipitation on the south side.
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During this glacial geology study, weathering data on glacial drift

of known age were collected to establish a weathering-rate base line.

These weathering data were used as a basis for estimating relative

ages of deposits of unknown age. Data were gathered from morainal

sequences in the Butte Lake area and in the area east of Stephan Lake

(Figures 7-2 and 7-3) and were compared to weathering characteristics of

similar glaciogenic deposits of known age in the Sik Sik Lake area and

the Amphitheater Mountains (Figure 7-3). Although these data permit

approximate estimates of ages for glacial deposits in the Project

area, additional field data of both the base-line weathering rates and

weather ing parameters are needed to prov ide for greater conf idence in

the results.

In order to better understand the glacial history, and to supplement

Dr. Ten Brink's work, aerial photographic interpretation from U-2

color near-infrared photographs combined with low altitude aerial

reconnaissance was conducted within the area shown on Figure 7-2 to map

the surface geology. On the basis of morphologic expression and geo

graphic position, various Pleistocene to Holocene glacial deposits and

landforms were identified. Six types of deposits were identified: (1)

bedrock with a veneer of till and erratics; (2) till; (3) glaciofluvial

deposits; (4) lacustrine deposits; (5) ice disintegration drift; and (6)

fluvial deposits (Figure 7-2). The following discussion sUlllTlarizes the

preliminary results of this study:

7.2.1 Pleistocene and Holocene Deposits

Bedrock with a Veneer of Till and Erratics

Bedrock of various types is inconsistently veneered by generally

less than 3 feet (O.g m) of glacial drift and scattered glacial

erratics (Figure 7-2). Locally, thicker drift occurs in topo

graphic lows such as glacial grooves. Bedrock scour, par

ticularly of the uplands within the Devil Car,yon area, indicates

7 - 8



that tne surface was glaciated but not necessarily in Wisconsin

time, by flowing ice that produced streamline-molded forms

such as whalebacks, stoss and lee, crag and tail, and bedrock

drumlins. Smaller scale features etched into the bedrock include

grooves and striations. Landforms created by glacial erosion and

depos it ion are found over much of the up Iand plateau south of

Dev il Canyon.

Till

Ground moraine, generally thicker than 3 feet (0.9 m), and

associated end moraine features cover much of the study area

(F igure 7-2) . Both the ground and end mora i nes are composed

of nonstratified sand and cobbles with a silt and clay matrix,

i.e., glacial till. Ground moraine is cOOl1lOnly characterized by

large scale fluting such as in the Fog Lakes area.

Concentrations of till in elongated and narrow ridges (end

moraines) are common. In the study area, the end moraines

include lateral, medial, recessional, and terminal moraines,

These end moraines have been used to indicate glacial extent

in the study area. Numerous closely nested end moraines are

present (Figure 7-2) which indicate a complex history of glacial

advances, retreats, and readvances. The orientation and position

of end moraines within the area indicate a southward convergence

of large glaciers from the Alaska Range with local glaciers that

originated in the Talkee~na Mountains.

Preliminary estimates of age, based on weathering data collected

during this investigation, together with morphologic character

istics indicate that late Wisconsin ice reached maximum eleva

tions of 4,000 feet (1,220 m) near Butte Lake, 3,500 feet

0,067 m) near the Big Lake/Deadman Creek area, and 2,700 to
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2,800 feet (823 to 854 m) east of Stephan Lake at the mouth of an
unnamed valley (Figure 7-2).

Ten Brink and Waythomas (in press) have subdivided late Wisconsin

deposits north of the Alaska Range into four units, or stades, on
the basis of weathering characteristics and radiometric age
dates. Whether or not the characteristics of these stades
can be applied to deposits from glaciers originating on the south
side of the Alaska Range and the Talkeetna Mountains remains to
be determined. However, four morainal sequences of inferred
Wisconsin age have been identified in the Butte Lake area, east
of Stephan Lake, and west of Clark Creek during this investiga

tion at locations designated as (1), (2), and (3), respectively,
in Figure 7-2.

Within the site region, early Wisconsin moraines are less
prominent and less frequent than late Wisconsin landforms. Small
lateral morainal segments in the Portage Creek, Indian River, and
Chulitna River areas as well as in area (2) are all 400-600 feet
(122 to 183 m) higher than late Wisconsin moraines. Construc
tional Illinoian glacial deposits are not distinguishable, but
Illinoian till sheets may veneer bedrock, particularly on the
scoured upland plateau around the Devil Canyon site and to the
south.

Glaciofluvial Oeposits

Glacial outwash consisting of typically well-sorted sands and

gravels have been deposited by pro-glacial rivers draining
active glaciers. The deposits are confined to valley bottoms,

usually in the form of terraces and valley trains. Watana Creek,
Oeadman Creek, Prairie Creek, and the Susitna and Talkeetna

7 - 10



Rivers probably served as drainages for meltwater from Wisconsin
glaciers and deposited extensive outwash trains.

Lacustrine Deposits

Lacustrine deposits form broad. flat pl"ins and overlie glacial
till in the Watana Creek area. just north of the Susitna River,
and in the Deadman Creek/Brushkana Creek areas (Figure 7-2). The
lacustrine silts and clays contain ice rafted gravel and cobbles
and are locally interbedded with deltaic sediments. The southern
border of lake sediments in the Watana Creek area coincides with
the northern edge of the fluted ground moraine. This relation
ship suggests that the side of the flowing glacial ice acted as a
dam blocking meltwater derived from glaciers to the north.

Ice Disintegration Drift

Ice disintegration deposits scattered throughout the study area
(Figure 7-2) have a characteristically hUrTll10cky kame-and-kettle
morphology. These deposits, typically ice-contact ablation
drift and ice-contact stratified drift, are end members of a

gradational sequence of stagnant ice deposits and their composi
tion and degree of stratification are a function of the amount of
reworking by meltwater. These deposits were formed by stagnant
ice masses during deglaciation when glacier fronts were retrea
ting. Consequently, these deposits are valuable in understanding
the glacial chronology.

Fluvial Deposits

Significant fluvial deposits of Holocene age are confined to
valleys of larger river systems such as those of the Susitna,

Talkeetna, and Chulitna Rivers. In these valleys, reworked

glacial deposits and eroded bedrock material hdve been deposited

in active floodplains and adjacent abandoned terraces.
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7.2.2 - Glacial History

The glacial chronology of the project area is complex. Unlike

the systematic sequence of alpine glacial events on the north side

of the Alaska Range, ice cap conditions and multi-directional

glacial flow occurred throughout much of the Talkeetna Mountains.

Glaciers from the south side of the Alaska Range pushed southward

through the Deadman, Brushkana, and Watana Creek areas and the

Butte Lake area to merge and coalesce with glaciers flowing from

ice centers in the higher elevations of the Talkeetna Mountains.

The chronology of the latest major glacial episode is better

understood than is the chronology of ear1i er g1ac i at ions because

the deposits are more frequent, prominent, and distinguishable.

Closely nested morainal complexes in areas marked (1), (2), and (3)

on Figure 7-2 indicate a late Pleistocene sequence of glacial

advance, retreat, and readvance; however, ages of individual

moraines are unknown.

On the basis of this preliminary study, late Wisconsin ice is

believed to have reached approximately 2,BOO feet (B54 m) in

e1ev at ion at the Stephan Lake area and to have risen gradua 11 y

northward in response to topographic gradients to 3,500-feet

(1,067 m) in elevation in the Big Lake area and to 4,OOO-feet

0,270 m) in elevation at Butte Lake. The four subdivisions (or

stades) to the late Wisconsin glaciation, as suggested by Ten Brink

and Waythomas (in press) may be represented by the series of four

morainal units at Butte Lake (area (1) on Figure 7-2). If that is

the case, geographic position and orientation of the moraines would

indicate that at least during the latest two glacial stades, ice

was not thick enough to flow over the topographic pass southwest

ward toward Big Lake. Alternatively, some of the moraines near

Butte Lake may represent recessional moraines as late stage

glaciers retreated northward.
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Although less frequent, early Wisconsin morainal units in various

parts of the study area suggest that ice may have reached 300 to

600 feet (91 to 183 m) higher in elevation than late Wisconsin

g1ac i ers. An area of g1ac i ally scoured bedrock and glac i a1 debr i s

overlying bedrock above the early Wisconsin limits indicate that an

earlier glaciation, possibly Illinoian in age, inundated the area

to approximately 4,000 feet (1,220 m) in elevation on the upland

plateau north and south of the Oev i 1 Canyon site. Most dra i nage

gullies and canyons of the upland plateau are V-shaped and f1uvia~

in origin, suggesting a considerable time period since the surface

was last glaciated.

The ancestral Susitna and Talkeetna Rivers served as sediment

loaded, proglacial rivers draining the glaciated areas and filling

the downstream valleys with copious amounts of outwash. Oecreased

sediment load, caused by decreased glacial activity, has allowed

the rivers to downcut and form river terr aces. The long i tud i na1

profiles of both rivers suggest considerable fluvial modification

of portions of the river valleys has occurred since glaciers last

overrode the vall eys. A small depos i t of what appears to be till

lies near the Susitna River valley floor in the vicinity of the

Oevil Canyon site; this oIou1d indicate that the river valley

:!xisted prior to at least the last glaciation and that post

depositional fluvial downcutting or modification in this section of

the valley is minimal.

With the beginning stages of late Wisconsin deglaciation, indi

vidual glaciers began to retreat towards their respective source

areas. Glaciers from the Alaska Range may have begun to retreat

sooner, due to their distant sources, than glaciers with Talkeetna

Mountain sources. Ice did flow northward toward Big Lake, probably

following retreat of the Alaska Range glaciers, and formed an

arcuate southward terminal moraine which dams Big Lake. The

7 - 13



northern edge of the fluted till sheet laid down by the northwest

ward advancing glacier coincides with the southern 1imit of

extensive lacustrine deposits which overl ie till in the Watana

Creek area. This ice mass acted as a dam, blocking sediment-loaded

meltwater from northward retreating glaciers, thus forming a large

ice-dammed, proglacial lake. Finely laminated interbeds of silt

and clay deposited in the proglacial lake are locally interbedded

with deltaic sediments. Similar proglacial lake conditions may

have ex i sted in the Deadman/Brushkana Creek area where extens ive

lacustrine sediments also overlie glacial till.

Ice disintegration deposits floor many of the valleys suggesting

that deglaciation was rapid and regional; many of the larger

areas of deposits were formed by separation of ice fronts at

topographic passes. Based on the preliminary results of this

investigation, neoglacial activity appears to have been restricted

to higher intermountain valleys and cirques. Fluvial processes

continue to degrade and modify the Peistocene deposits.
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8 - FAULTS AND LINEAMENTS

8.1 - Introduction

Evaluation of faults and lineaments during this study involved primarily

four phases or steps as sunmarized earl ier in Figure 2-6. The first

step was a review of available literature and interpretation of remotely

sensed data which led to a compilation of all mapped faults and linea-'

ments within 62 miles (100 km) of either Project site. Length-distance

screening criteria were then applied (as described in Section 3.2) to

select those features of sufficient length and proximity to either site

to have a potential impact on seismic design. In addition, a list of

all features within 6 miles (10 km) of either site was compiled.

This compilation included all features that potentially could have an

impact on surface rupture through either site. All features which were

too short and too far away from the sites (accord i ng to the cr iter i a)

were catalogued, but not considered further. The result of these

two compilations was a group of 216 features, here called candidate

features, which were to be evaluated during the 1980 field reconnais

sance.

The second phase of the fault and lineament study consisted of field

reconnaissance and the classification of all candidate features iden

tified in the first step; this classification system is described

in Section 8.2. The third phase was the identification of candidate

significant features (described in Section 8.3). The fourth phase

was the selection of significant features (also described below in

Sect ion 8.3). The outcome of these phases was the ident ificat ion of

boundary faults and significant features. These faults and features are

discussed in Sections 8.4 and 8.5, respectively.

8 - 1



8.2 - Classification System

For the second phase of the fault and lineament study, a classification
system was developed an':! adopted to permit the systematic evaluation of
the candidate features during the 1980 field reconnaissance. The clas
sification system is based on judgments (by experienced seismic geolo
gists) as to whether or not a feature is a fault and whether or not the
feature has had recent displacement. The geologic characteristics used
to make the judgments are ~ummarized in Table 8-1. A summary of how

the judgments were applied to the classification system is shown in
Figure 8-1.

The underlying basis of the classification system is that features
should be given the "worst case" classification unless evidence is pres
ent that argues against that classification. For example, if a feature
is a fault and has no overlying Quaternary deposits, it is classified in
the category that implies the highest likelihood of recent displacement
even though there is no evidence of recent displacement. The feature is
assumed to have the potential for recent displacement until evidence of
no recent displacement is obtained.

The following discussion presents the basis for the classification sys
tem which was applied to candidate features during the field reconnais
sance portion of this investigation. The evidence used to classify
these candidate fe~tures was documented using the procedures discussed
in Appendix A. T~e consideration of candidate features classified as A,

8, and 8L (as discussed below) on the basis of their seismic source
potential and potential for surface rupture through the Project sites is
discussed in Sectio~ 8.3.

Nonsignificant Feature:

The candidate feature is not a fault (applicable to lineaments only).
This category includes features which could be directly related to
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glacial or fluvial processes or which had conclusive evidence to

preclude the existence of a fault. It also includes features which

were judged to be the result of the unrelated al ignment of 1inear

segments such as ridges, valleys, vegetat ion, and stream segments.

Some features, particularly those drawn on the basis of geophysics,

were not observed at all from the air or ground and were given this

classification.

The evidence used to classify these candidate

using the procedures discussed in Appendix A.

were then eliminated from any further study.

features was documented

Nonsignificant features

Indeterminate Feature--low likelihood of Recent Displacement (8l l

The candidate feature is considered to have a low likelihood of being

a fault and having had recent displacement (applicable to lineMlents

only). This category includes features with linear morphologic

expressions, but with no direct evidence of faulting in bedrock.

These features typically did not have morphologic expression of, or

displacement in overlying Quaternary units.

Indeterminate Feature--low to Moderate likelihood of Recent Displace

ment (8)

The candidate feature is considered to have a low to moderate likeli

hood of recent d i sp1acement. Th i s category inc1udes cand idate fea

tures which are mapped bedrock faults but which have no morphologic

expression or displacement in overlying Quaternary deposits.

Indeterminate Feature--Moderate likelihood of Recent Displacement (A)

The candidate feature is considered to have a moderate likelihood of

recent displacement. This category includes mapped or observed bed

rock faults along which anomalous, linear morphologic relationships
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were observeo in alluvial or glacial deposits. Mapped, observed, or
possible bedrock faults without Quaternary deposits suitable to assess
the recency of displacement were also given this classification. In
addit ion, features with prominent 1inear morphologic expressions in
Quaternary units and no bedrock exposures were included in this
classification.

Fault with Recent Displacement

The candidate feature is a mapped or observed bedrock fault with dis
placement in recent Quaternary units. The only fault in this category
in the site region is the Denali fault. The Castle Mountain fault,

immediately south of the site region is also judged to have recent
displacement. No other faults which were judged to be in this
category were observed in the site region.

8.3 - Selection of Significant Features

The third step of the fault and lineament study was to make a prelimi
nary assessment of which candidate features potentially could be signif
icant to Project des ign cons iderat ions. The assessment cons idered

the features as two discrete groups: (1) those with seismic source
potential, and (2) those with the potential for surface rupture through
the sites. The following preliminary significance criteria were used
for this assessement.

Seismic Source Potential

Seismic source potential was assessed on the basis of the following

criteria:

(a) The Denali and Castle Mountain faults are accepted as having had
recent displacement. These two faults are the only faults known
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to have recent displacement in or adjacent to the site region.
These faults were retained for additional evaluation.

(b) Among the 216 candidate features reviewed during the 1980 field
season reconnaissance study, none of the nonsignificant features
needs further systematic consideration. The basis for this
criterion is that the nonsignificant features were jUdged
not to be faults. Appl ication of this criterion resulted in a
group of 106 features for additional evaluation.

(c) Among the remaining 106 features, all features less than 3 miles
(5 km) long were not considered further. This criterion is
based on the assumption that moderate to large earthquakes
(M s >5) typically do not occur on isolated short faults (or
isolated faults with short surface rupture lengths). Review of
available fault rupture length data (Albee and Smith, 1966;
Slemmons, 1977) shows that very few faults have had surface
rupture lengths less than 3 to 5 miles (5 to 8 km) during a
single earthquake of magnitude (Ms ) greater than 5. Appl ica
tion of this criteron resulted in the deletion of two additional
features from further consideration.

(d) Among the rema in ing 104 features longer than 3 mil es (5 km),
those for which the estimated preliminary maximum credible
earthquake (PMCE) would generate a peak horizontal bedrock
acceleration less than 15% 9 (at either site) were not con
sidered further. This criterion used the PMCE on the Oenal i
fault (approximately a magnitude (M s ) 8.5 event occurring a

minimum of 40 miles (64 km) from the Devil Canyon site) as the
limiting factor. This PMCE would produce peak horizontal bedrock

accelerations of 17% to 21% 9 based on the results of preliminary
earthquake engineering studies conducteo during this investiga-
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tion (Section 12). Consequently, features for which the esti

mated PMCE coul d not generate peak hor i aonta1 bedrock acce1era

tions greater than would the PMCE on the Denali fault are not

expected to affect seismic design considerations. The value of

15% g was selected to accommodate uncertainties in the estimation

of the PMCE for the Oenal i fault and the attenuation of ground

mot ions to the sites, and to provide an additional degree of

conservatism for the preliminary significance criteria evalua

tion.

Using the above criteria, 46 features were identified which poten

tially could affect seismic source considerations. The discussion

below of the fourth step of the study, describes the selection of the

features considered to be important to seismic design considerations.

Potential for Surface Rupture through the Dam Sites

From the group of 106 features, an evaluation was also made of the

potential for surface rupture through either Project site. The

criteria used were the following:

(a) Among the 216 candidate features reviewed during the 1980 field

season reconnaissance study, none of the nonsignificant features

needs further systematic consideration. The basis for this

criterion is that the nonsignificant features were judged

not to be faults. Appl ication of this criterion resulted in a

group of 106 features for additional evaluation.

(b) Among the 106 features all features which were more than 6 miles

(10 km) from either Project site were excluded from additional

consideration. This criterion is based on the observations of

the width of surface rupture zones during historic earthquakes

(as discussed in Section 3.2).
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(cl A corollary to criterion (b) is the observed length of the

feature represents the maximum length of the feature along which

recent displacement could have occurred. This length is assumed

to represent half of the length of a fault (based on the assump

tion that up to half the length of a fault could rupture during a

single event). This additional length was added to the observed

length at the closest approach of the additional length to

either Project site. If any portion of the observed length or

the hypothetical additional length passed within 6 miles (10 km)

of either site, the feature was selected for further considera

tion.

From the above steps, a total of 22 features were ident ified

which may have a potential for surface rupture through either

site. Of these 22 features, 20 are already considered as part of

the seismic source considerations.

From the above considerations of seismic source potential and poten

tial for surface rupture through either site, a total of 48 features

were identified. These 48 features ar~ designated candidate signifi

cant features. They are briefly summari.ed in Table 8-2.

The fourth step of the fault and 1ineMlent study was to e~aluate the

candidate significant features individually using the significance

criteria described below. This evaluation permitted refinement of the

evaluation process. This refinement led to the selection of signifi

cant features, which, if they are found to be faults with recent dis

placement, could have a major affect on Project design considerations

and, therefore, should be evaluated further in 1981.

The evaluation of candidate significant featu-ps continued to consider

the features as two discrete groups. The significant criteria used

f r his evaluation are described below.
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Seismic Source Potential

The seismic source potential of the 48 candidate significant features
was evaluated on the basis of the following criteria:

(a) Their length and distance from each site. The length was used to

estimate the preliminary maximum credible earthquake using

procedures described in Appendix E. The distance was incor

porated into the criteria as part of the attenuation relationship

of ground motions to the sites. The attenuation relationship is
discussed in Section 12.

(b) An assessment of the likelihood of the feature being a fault with

recent displacement. This assessment is based on the classifi

cation of the features during the field reconnaissance study
(described in Section 8.2).

(c) An estimation of the maximum peak horizontal bedrock acceleration

at each site. This criterion was developed using the preliminary

max imum cred ibIe earthquake, at tenuat i ng the ground mot ions to

each site using the attenuation relationship described in Sec

tion 12, and estimating the effect on Project design.

Each of these criteria were broken down into individual components

(for example, the classification of the features has five components-

faults with recent displacement, indeterminate A, indeterminate B,
indeterminate BL, and nonsignificant). The relative importance of

each component was systemat ically assessed. The assessments for each

of the three criteria were then combined for each feature. The

combined assessment for each of the 48 candidate significant features

were then compared to each other and those features of potential

significance to each site were selected.
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The approach described above provided the methodology for systemati
cally incorporating preliminary data into the selection of significant
features. The same approach was used to evaluate the potential for
surface rupture as described below.

Potential for Surface Rupture Through the Dam Sites

The surface rupture potential through each site for the 48 candi

date significant features was evaluated on the basis of:

(a) whether the feature passes through the either site. This
criterion assesses whether a feature passes through one of the
sites. If the feature does not pass through the site. then the
assessment involves judgment about how close to the site the
feature passes (or twice its length passes). the orientat ion of
the feature relative to the orientation of the proposed dam. and
available information on fault type (if the feature is a fault);
and

(b) an asessment of the likelihood of the feature being a fault with
recent displacement in the same manner described in Item (b) for
the seismic source potential evaluation.

Each of the 48 candidate significant features was evaluated within

each of the two groups using each of the significance criteria
described above. The evaluation of each cr~terion was then combined
to provide an overall assessment of each feature's importance within
each group. The importance of the two groups, relative to each other.

was then assessed. From all of these assessments. a total combined
evaluation of each of the 48 features was made. This total combined
evaluation incorporates the judgments of the project geologists about
the importance of each of the candidate significant features due to

the feature's seismic source potential and potential for surface

rupture through the sites.
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From the above evaluation of the 48 candidate significant features,
13 significant features were selected for additional evaluation in
1981. The remaining 35 features are considered to be appreciably less
important to the project than are the significant features.

Four of the significant features are jUdged to merit additional evalu
ation for the Watana site and nine for the Devil Canyon site. The
significant features are listed in Table 8-3.

The following sections (8.4 and 8.5, respectively) discuss the faults
with known recent displacement (Talkeetna Terrain boundary faults)

within or immediately adjacent to the site region and the 13 signifi
cant features within the Talkeetna Terrain. Figures 8-2 through 8-5
show locations of these faults and features.

8.4 - Talkeetna Terrain Boundary Faults

Denali Fault (HB4-1)

The Denali fault is predominately a right-lateral strike-slip fault
that is approximately 1,240 miles (2,OOO km) long (Richter and Matson,
1971). The fault consists of three segments and has an arcuate
east-west trend in the site region. Between the eastern and western
segments of the fault (the Shakwak Valley and Farewell fault segments
of Grantz (1966)) the fault divides into two traces or strands.
The northerly strand is the Hines Creek strand as shown in Figure 8-2.
The southerly strand, the McKinley strand, passes within 40 miles
(64 km) north of the Watana site and 43 mil es (70 km) north of the
Devil Canyon site.

The fault has been the subject of numerous studies and is generally

agreed to represent a major suture zone within the earth's crust as
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discussed by St. Amand (1957), Grantz (1966), Cady and others (1955),

Richter and Matson (1971), Page and Lahr (1971), Stout and others

(1973), Forbes and others (1973), Wahrhaftig and others (1975),

Hickman and others (1978), and Stout and Chase (1980), among others.

The total amount of displacement along the fault is the subject of

continuing discussion. Some investigators suggest the amount of

strike-slip displacement is relatively small (Csejtey, 1980), while

others cite evidence supporting total displacements of up to 155 miles

(250 km) (St. Amand, 1957).

The Hines Creek strand of the Denali fault is believed to be the older

of the two strands with strike-slip movement ceasing by 95 m.y.b.p.

(Wahrhaftig and others, 1975; Craddock and others, 1976). Strike-slip

movement subsequently has principally occurred along the McKinley

strand of the Denal i fault (Wahrhaftig, 1958; Grantz, 1966; Hickman

and Craddock, 1973; Stout and others, 1973). Because the McKinley

strand is the closer of the two strands to the sites, and because most

of the major strike-slip displacement is thought to be occurring along

this strand (rather than along the Hines Creek strand), the Denali

fault (in the site region) is considered for the purposes of this

investigation to consist of the Farewell fault segment, the McKinley

strand, and the Shakwak Valley fault segment as described by Grantz

(1966). The fault is shown in Figure 5-1.

Aerial reconnaissance of the fault in the vicinity of Cantwell during

this study revealed strong morphologic expressions such as scarps,

offset ridges, 1inear valleys, and sag ponds in bedrock or surficial

sediments of undefined age. The prominence of the trace west of

Cantwell is shown in Figure 8-6. The 1inearity of these features

across the topography suggests that the fault plane is close to verti

cal in this area.
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Ho~ocene age displacements along the McKinley strand have been studied

by several investigators. In the Nenana River area, Hickman and

Craddock (1973) find evidence for as much as 443 feet (135 m) of

right-lateral displacement and 10 to 13 feet (3 to 4 m) of dip-slip

offset, with the south side up relative to the north side, in Holocene

time. These data suggest a displacement rate of approximately

0.8 inches/year (2 em/per year) assuming that an average of 295 feet

(90 meters) of displacement has occurred in the last 10,000 to 11,000

years. Stout and others (1973) measured right-l atera1 offsets as

great as 197 feet (60 m) and as much as 33 feet (10 m) of dip-slip

displacement, with the north side up relative to the south side, in

Holocene units east of the Black Rapids Glacier (northeast of the site

region). An estimated displacement rate based on these data would be

between 0.20 and 0.24 inches/year (0.5 and 0.6 em/year) of right

lateral motion and less than 0.06 inches/year (0.15 em/year) of

dip-slip motion during Holocene time. Other studies, including

Plafker and others (1977), Hickman and others (l977; 1978), and

Richter and Matson (1971), found evidence supporting a displacement

rate between 0.4 to 1.4 inches/year (1.0 to 3.5 em/year) on the

McKinley strand in Holocene time.

In summary, displacement rates in Holocene time along the Denali fault

locally range from less than 0.1 to 1.4 inches/year (0.25 to 3.5

em/year). There is no documentation of displacement on the McKinley

strand in historic time. Hickman and others (1978) suggest the latest

movement was several hundred to several thousand years ago.

Review of historic seismicity during this investigation, including

review of other published historical selsmicity studies (e. g. Tobin

and Sykes, 1966; Boucher and Fitch, 1969; Page and Lahr, 1971), sug

gests that seismic activity has occurred in the vicinity of the Denali

fault. This seismicity includes microseismicity reported by Boucher

and Fitch (1 969) and macrose i smic i ty (events of up to magn i tude (Ms )

5 to 6 (Tobin and Sykes, 1966)). As discussed in Section 4.2, two
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large events (magnitude greated than 7) occurred in the general

vicinity of the Denali fault. However, uncertainties in the location

and focal depth of these events preclude correlation with the Denal i

fault.

The Denali fault has been classified during this investigation as

being a fault with recent displacement. This classification is based

on citations in the literature and observations made during this

investigation of numerous locations where Holocene units have been

displaced, as well as on the pr-ominent morphologic expression of the

fault in relatively recently uplifted terrain.

The Denal i fault is the closest fault to the sites known to have

recent displacement. The fault affects consideration of the seismic

source potential for both sites. The fault does not affect con

sideration of surface rupture potential through either site because of

the distance of the fault from the sites.

Castle Mountain Fault (ADS-I)

The Castle Mountain fault is an oblique-slip fault incorporating a

combination of right-lateral and reverse motions with the north side

up re1at i ve to the south side (Grantz, 1966; Detterman and others,

1974, 1976). The fault is approximately 124 miles (200 km) long and

trends east-northeast/west-southwest about 65 miles (105 km) south of

the Devil Canyon site and 71 miles (115 km) south of the Watana site

(Figure 8-2). It is nearly vertical or steeply dipping to the north

(Detterman and others, 1974; 1976).

The fault is present as a single trace along its mapped western

section in the Susitna Lowland (Figure 8-2). Along the eastern

section of the fault, in the Matanuska Valley, the fault consists of

the main trace and a major splay which is known as the Caribou fault

(Grantz, 1966; Detterman and others, 1976). Detterman and others
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(1976) propose that the main trace represents the older and more

fundamental break of the two traces while the Caribou fault is the

trace along which late Cenozoic displacement has occurred. As is the

case for the Denal i fault, the Castle Mountain fault is generally

regarded as a major suture zo~e within the earth's crust.

Displacement along the fault has been occurring since about the end of

Mesozoic time (Grantz, 1966), approximately 60 to 70 m.y.b.p. The

maximum anount of vertical displacement is approximately 1.9 miles

(3 km) or more (Kelley, 1963; Grantz, 1966) and the maximum ~nount of

strike-slip displacement is estimated by Grantz (1966) to have been

several tens of kilometers, although Detterman and others (1976) cite

10 miles (16 km) as the total displacement which has occurred along

the eastern traces of the fault.

During aerial reconnaissance for this study, the fault was observed as

a series of 1inear scarps and prominant vegetation al ignments in the

Susitna Lowland (Figure 8-7). Along its eastern portion in the

Talkeetna Mountains, the fault was observed as a lithologic contrast

and by possible offset of the Little Susitna River and other streams.

Evidence of Holocene displacement is observed only in the western seg

ment of the fault in the Susitna Lowland (Detterman and others, 1974;

1976). To date, no evidence of Holocene displacement has been

reported in the Matanuska Valley, although Barnes and Payne (1956)

propose that up to 0.8 mile (1.2 km) of vertical displacement has

occurred in the Matanuska Valley in Cenozoic time.

I n the Sus i tna Lowl and, Detterman and others (1974) found ev i dence

sU9gesting that 7.5 feet (2.3 m) of dip-slip movement has occurred

within the last 225 to 1,700 years. This interpretation is based on a

scarp and the excavation of trenches in which displaced soil horizons

were observed. Carbon-14 age dates obtained from the scarp and soil
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horizons imply a dip-sl ip rate of displacement of 0.05 inch/year to
0.4 inch/year (0.13 em/year to 1 em/year). Horizontal displacement
by the fault of a sand ridge (whose age within Holocene time is not
known) has involved 23 feet (7 m) of right-lateral displacement
(Oetterman and others, 1974). Bruhn (1979) excavated two addit lonal
trenches across the fault and found 3.0 to 3.6 feet (90 to 110 em) of
dip-slip displacement with the north side up relative to the south
side along predominately steeply south-dipping fault traces. A river
terrace near one of the trench locations had approximately 7.9 feet
(2.14 m) of right-lateral displacement. These displaced deposits are
clearly of Holocene age, but no age dates were reported by Bruhn
(1979).

There is no documented displacement along t~e Castle Mountain fault in
historic time. Plafker (1969) reports no observed displacement during
the 1964 Prince William Sound earthquake (described in Section 4). A
magnitude (Ms) 7.0 earthquake occurred in the vicinity of the Castle
Mountain fault west of Anchorage in 1933 (Figure 4-6 and Appendix C).

It is not known if the earthquake was related to the Castle Mountain
fault, and no investigations to look for surface displacements have
been reported (Page and Lahr, 1971).

Detterman and others (1976) have reviewed historical seismicity in the
vicinity of the fault for the time period 1934 through October 1974.
Most of the events in the vicinity of the fault have reported focal
depths of more than 19 miles (30 km) with the precision in hypocenter

depths estimated by the authors to be up to ~ 12 miles (20 km). The
depth of these events suggests that the events may be occurring at
depth below the crust. In summary, there has been seismic activity in
the vicinity of the fault but no reported correlation of earthquakes

with the fault.
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The Castle Mountain fault has been classified during this investiga

tion as being a fault with recent displacement. This classification

is based on the morphologic expressions of the fault in Holocene

deposits and the reported displacements in trenches excavated across

the southwestern portion of the fault. The fault dips steeply to the

north or south, 0:' is near-ver',ical. The sense of displacement is one

of oblique displacement comprised of north side up relative to the

south side, and right lateral components.

The Castle Mountain fault is not expected to affect consideration of

the seismic source potential or the surface rupture potential for

either site. The Denal i fault is closer to the sites than the

Castle Mountain fault and has the potential for a larger earthquake

(on the basis of considerations presented in Sections 11 and 12).

Consequently, the seismic source potential of the Castle Mountain

fault is considered to be significantly less than that of the Denali

fault ~nd therefore does not affect seismic source considerations.

The Castle Mountain fault is too far from the sites to affect po

tential surface rupture considerations. The fault has been included

in these discussions because it is a Talkeetna Terrain boundary fault

with recent displ acement and is immediately adjacent to the site

region.

Benioff Zone

As discussed in Section 4.1, the Pacific Plate is moving northwestward

at a relatively faster rate than the North American Plate. Along the

Aleutian Trench in the Gulf of Alaska, the differential rate of move

ment is accommodated by subduct ion or underthrust ing of the Pac ific

Plate beneath the North American Plate. The subducting Pacific Plate

dips beneath Alaska to a depth of approximately 93 miles (150 km) as

discussed by Packer and others (1975); Davies and House (1979), A9new

(1980), and Lahr and Plafker (1980).
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Evidence for the subducting Pacific Plate is the zone of seismicity
associated with the plate. This zone of seismicity, the Benioff zone,
has been observed in the site region by Davies (1975) and Agnew
(1980) and is reported in the results of this investigation (Section
g; Figure 9-9). Southeast of the site (apparently beneath the
Matanuska Valley region), the Benioff zone becomes decoupled from the
North American Plate and increases in dip as discussed in Sect ion
4.3.3 and shown in Figure 5-2. Northwest of the area of decoupl ing,

a transition zone lies between the Benioff zone and the crust.
Hypocentral data obtained during this investigation show the Benioff
zone to be at depths of 31 (50 km) and 37 mi 1es (60 km) beneath the
Watana and Devil Canyon sites, respectively (Figure 9-9).

The Benioff zone is considered to be a source of seismicity for both
sites. Th i s judgment is based on the assoc i at ion of earthquakes
with the downgoing slab and the latter's proximity to the sites. The
zone is not considered to affect consideration of surface rupture
potent ial through the sites because of the depth of the zone and
the decoupling from the crust at the site. The effect of the Benioff
zone on the seismic source potential for both sites is discussed
in Section 12.

8.5 - Significant Features

8.5.1 - Watana Site

Talkeetna Thrust Fault (KC4-1)

The Talkeetna thrust fault is a reverse or thrust fault which
trends northeast-southwest and passes 4 miles (6.5 km) east of
the Watana site (Figures 8-2 and 8-3). The length of this fault
is at least 54 miles (87 km) and may be as long as 167 miles (270
km) if it is continuous with the Broxson Gulch thrust fault in
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the northeastern part of the site region (as shown by Beikman and

others (1974)). Southwest of the section of the Susitna River
which passes through the sites, the fault is believed to continue
based on magnetic anomal ies as well as bedrock mapping (Csejtey
and others, 1978; Csejtey and Griscom, 1978).

The dip of the fault is uncertain. Csejtey and others (1978)
show the Talkeetna thrust fault dipping to the southeast. Inter

pretation of aeromagnetic data by Csejtey and Griscom (1978) sug

gest a southeast dip. Smith (1974) and Turner and Smith (1974)
do not show a dip on the fault. The Broxson Gulch thrust fault,

apparently continuous with the Talkeetna thrust fault, is be

lieved to have a northwest dip by several of the investi
gators who have examined the fault or compiled information for it

(e. g., Turner and Smith, 1974; Stout and Chase, 1980), although

Csejtey and others (1980) imply a southeast dip.

Evidence for fault displacement strongly suggests that the fault

deve loped as a major thrust zone along wh ich the front of an

accreting land mass collided with the depression lying on the
southern margin of the North American plate in Mesozoic time

(Csejtey, 1980). The result, based on current interpretations,

is that the volcanic units southeast of the fault were thrust

upon or beneath the flysch deposits of argillite-graywacke
sandstone in the site region (Section 6-1; Figure 6-2).

Stout and Chase (1980) and Chase (1980) have observed 01 igo

cene sediments and dikes offset by the Broxson Gulch thrust

fault. They postulate that 33 miles (54 km) of northwest-over

southeast thrust faulting has occurred since 38 m.y.b.p. At the

southwestern end of the Talkeetna thrust fault, Csejtey and

others (1978) report that the fault is overlain by Tertiary

volcanic units which are not faulted. Smith (1980a; 1980b)
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reports ev idence of the fault in un its of Jurass ic age in the
Butte Creek area north of the Sus itna River whe,'e at least two
traces of the fault are present.

Field studies conducted along the fault during this investigation
showed that faulting has occurred in volcanic units of reported
Tertiary or Triassic age on the south bank of the Susitna River.

approximately 1.5 miles (3 km) downstream of ~atana Creek.
In the ~indy Creek region northeast of the town of Denali,
sedimentary strata of reported Jurass ic age were observed to be
faulted against volcanic units of reported Triassic age (Turner

and Smith, 1974). Bedrock notches, scarps, and saddles. strongly
suggestive of bedrock faulting. are also present along the north
slope. and near the head of ~indy Creek.

Unlithified, semiconsolidated sediments possibly of Quaternary
age were observed on the north side of the Susitna River (during
this investigation) to have anomalous relationships suggestive of
possible fault displacement. Sane of these relationships could

a1so be re 1ated to slump i ng or sma11 sc ale 1ands1ides. As shown
in Figure 8-8, exposures of these deposits are adjacent to
westward dipping sed imentary un its of inferred Tert iary age.
The age of both deposits is uncertain based on available data.
The Quaternary age is based on the unconsolidated nature of the
sediments. The Tertiary age is based on the proximity and
visual similarity to Tertiary units exposed in Watana Creek
(Figure 7-1).

The fault shows little morphologic expression in surficial units
in the vicinity of the SiJsitna River. A very subtle alignment of
relief was observed during some lighting conditions but was not
observed repeatedly under similar or different conditions.
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Two clusters of microseismic activity were observed east of the

Talkeetna thrust fault near Grebe Mountain (Figure 9-1) as

discussed in Section 9.3. The events are approximately 6 miles

(10 km) east of the surface trace of the fault and at a depth of

6 to 12 miles (10 to 20 km). Focal pl ane mechanisms obtained

from one of the clusters suggest that one of the failure planes

(fault rupture planes) is oriented northeast-southwest, dips

northwestward, and has a reverse (thrust) sense of displacement

(Figure 9-7). No consistent motion could be determined for the

second cluster (Section 9.3). The depth of the events, the

locations of the events, and the orientation of the postulated

fault-rupture plane suggests that the microearthquake activity is

not directly related to the Talkeetna thrust fault. In addition,

the fault rupture plane associated with the microea,thquake

activity is small (less than 0.4 mile2 (1 km2)) and ~u:d not be

expected to be in spatial proximity to the Talkeetna thrust

fault .

The microearthquake activity could possibly be associated

with a small, subsurface fault which is conjugate to the Tal

keetna thrust fault. There are however, few data available to

adequately evaluate this hypothesis and to convincingly support

the hypothetical relationship.

The fault has been classified during this investigation as being

an indeterminate feature with a moderate 1ikel ihood of recent

displacement (A). This classification is based primarily on'

its being mapped as a major bedrock fault; the associated aero

magnetic anomaly; evidence of related shearing in volcanic units;

evidence of a shear zone along Butte Creek north of the Susitna

River; bedrock notches near the head of Windy Creek; Jurassic

sedimentary units faulted against Triassic volcanic units in

Wi~dy Creek; and anomalous relationships in sedimentary units (of

possible Tertiary age) on the north side of the Talkeetna River.
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The fault has been designated as a significant feature because of

its seismic source potent ial for the Watana and Dev i 1 Canyon

sites. It is a long feature which passes near the Watana

site. The fault does not affect consideration of potential

surface rupture through the Devil Canyon site because it does

not pass through the Devil Canyon site. It is not expected to

affect cons iderat ion of potential surface rupture through the

Watana site unless studies conducted in 1981 encounter fault

traces west of the presently mapped location, a northwest dipping

fault plane, and/or evidence of recent displacement.

Susitna Feature (KD3-3)

The Susitna feature is a postulated northeast-southwest trending

fault that is 95 miles (153 km) long and approaches to within 2

miles (3.2 km) of the Watana site (Figure 8-2 and 8-3). The

feature was first described by Gedney and Shapiro (1975) as a

prominent topographic 1ineament which they observed on LANDSAT

imagery. These authors postulated that the lineament was a fault

based in part on data assembled by Turner and Smith (l974)

which is described below and also on the basis of their inter

pretations of seismic activity in the vicinity of the southern

end of the feature.

Evidence that the feature is a fault has been inferred by Turner

and Smith (1974) in the West Fork area of the south flank of the

Alaska Range (Figure 8-2). The inference is based on K-Ar dates

on plutonic bodies and interpreted cool-down rates associated

with these plutons (Smith, 1980b). According to this hypothesis,

the plutonic units on the east side of the Susitna feature,

cooled down more rapidly than those on the west side of the

feature suggesting that the latter was at greater depth than the

former and subsequently was faulted up into contact with the

units that cooled down more rapidly.
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Smith (1980b) examined the Butte Lake area and did not find evi
dence of a fault. In addition, he has not observed evidence
of the Susitna feature as a fault anywhere besides the West Fork
area.

Gedney and Shapiro (1975) report that the Susitna feature corre
sponds to the eastern boundary of the metasedimentary units in
the project area (those presumably shown by Csejtey and others

(1978) as being Cretaceous age argillite and graywacke sandstone
(Figure 7-1)). Gedney and Shapiro (1975) also suggest that there
is seismic activity associated with the Susitna feature. In
particular, they site a magnitude (Mb) 4.7 event and a mag
nitude (Mb) 5.0 event which occurred on 1 October 1972 and 5
February 1974, respectively. The location given by Gedney and
Shapiro (1975) shows the earthquakes to be spatially close to the
surface trace of the Sus itna feature and to suggest a right
lateral strike-slip sense of displacement. Review of these
earthquakes during this investigation however, showed that with
the error bars in location reported by Gedney and Shapiro (1975),
the two epicenters could be more than 8 miles (1~ km) from the
feature and the focal depths put the events at depths of 46 to 47
miles (75 to 76 km) (as summarized in the historical earthquake
catalog in Appendix C). Even with the imprecision associated
with focal depth determinations, these events appear to have
occurred at depth, on the Benioff zone. The correlation of these
events with the Susitna feature appears to be questionable. The
seismicity near the southern end of the feature could conceivably
be assoc iated wi th the feature, but there is Ii tt Ie ev idence to
support this association.

Csej tey and others (1978) report find ing no ev idence for the
postulated Susitna feature, and no evidence of a fault was
observed during this investigation. No evidence of a bedrock
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fault was observed in Tsusena Creek which is the only location

with good bedrock exposures long the entire length of the

feature. No morphologic expression was observed along the entire

length of the feature which is suggestive of either a fault or

recent displacement (Figure 8-9).

This feature has been classified during this investigation as

being indeterminate with low likelihood for recent displacement

(8l). This classification is based primarily on the reported

fault by Turner and Smith (1974) and the inferences by Gedney and

Shapiro (1975) which suggest that a fault could be present. In

contrast, there is strong circumstantial evidence to suggest that

the Susitna features may not be a fault and does not have recent

displacement. This evidence includes the reported absence of a

fault by Csejtey and others (1978); the absence of any evidence

observed during this investigation for a fault or for recent

di spl acement; and the absence of any corre 1at ion between micro

earthquake activity and the feature based on results obtained

during this investigation. Its origin, if the feature is not a

fault, may be related to glacial modification and enhancement of

aligned pre-glacial stream valleys.

The feature has been designated as a significant feature despite

the absence of evidence that the feature is a fault. This

designation results from the length of the feature and its

proximity to the Watana site. Therefore, the feature is included

for additional study in 1981 because of possible seismic source

potent i a1 and pos s ib Ie potent i a1 for surf ace rupture through the

Watana site. The feature does not affect consideration of

se i sm ic source potent i a1 and potent i a1 surf ace rupture at the

Dev il Canyon site because of its distance from the Dev il Canyon

site.
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Additional studies are therefore considered necessary to verify
that the Susitna feature is not a fault. If the feature should
be found to be a fault, then additional studies will need to be
considered to determine the related fault parameters and the
recency of dis~lacement as discussed below for 1ineament KD3-7.
If the 1ineament is not a fault, then it will no longer affect
consideration of seismic source potential and potential for
surface rupture at the Watana site.

Lineament KD3-7

Lineament KD3-7 trends approximately east-west along the Susitna
River for a distance of 31 miles (SO km). At its western end,
the lineament passes through the Watana site (Figure 8-3). The
lineament was identified by Gedney and Shapiro (1975) on LANDSAT
and SLAR imagery. At the scale of the imagery, the 1ineament
approximately corresponds to a series of somewhat linear sections
of the Susitna River between approximately the confluences of
Tsusena Creek on the west and Jay Creek on the east.

During this investigation, virtually no evidence of a major
through-go ing 1i neament was observed. Approx imate1y 6 mi; es
(10 km) upstream from the Watana site, the lineament is shown by
Gedney and Shapiro (1975) to cut across the south bank of the
Susitna River and to trend across the low plateau northwest of
Mt. Watana (Figure 8-3). On this plateau linear surficial
glacial features which trend oblique to the lineament's trend are
clearly continuous and show no indication of either a crosscut
ting lineament or fault (Figure 8-10).

Thus, no morphologic expression of the line~ent was observed on
the plateau. No evidence of structural control was observed on
the Susitna River where the lineament is shown by Gedney and
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Shapiro (1975) to cut across the river bank. Drilling results,
reported by the U. S. Army Corps of Engineers (1979, plates 0-34
and 0-35) show shear zones 3 to 14 feet (1 to 4 m) wide in the
vicinity of the lineanent. Preliminary results of drilling in
the vicinity of the lineanent conducted during 1980 for Acres
Amer ican Inc., do not prec1ude the presence of a through-goi ng
features; however, there is no evidence of a major structural
feature.

Lineanent KD3-7 has been classified during this investigation as
being an indeterminate feature with a low 1ikel ihood of recent
displacement (BL)' This classification is based on the absence
of any evidence that the 1ineament is a fault or that there is
possible recent displacement. The feature has been retained for
additional study primarily on the basis of its proximity to the
Watana site. There is virtually no geologic evidenre that
suggests the lineament is a fault.

The lineanent has been designated as a significant feature
because it is shown to pass through the Watana site and is of
moderate length. Consequently, the lineament theoretically could
affect consideration of seismic source potential and surface
rupture potential of the Watana site. The 1ineanent does not
affect consideration of seismic source potential nor potential

surface rupture at the Devil Canyon site because of its distance
from the Devil Canyon site.

Additional studies are considered necessary to determine if

lineament KD3-7 is a fault. If it should turn out to be a fault,
then detailed studies will need to be considered to determine the
recency of displacement as well as other pertinent fault parame
ters (such as the amount of displacement, type of displacement,
orientation, etc.) If the lineament is found not to be a fault,
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then it will no longer effect consideration of seismic source
potent ial or the potent ial for surface rupture at the Watana
site.

Fins Feature (K04-27)

The Fins feature is a shear zone which trends northwest-southeast
between the Susitna River and Tsusena Creek and is nearly
vertical (Figure 8-3). The feature is 2 miles (3.2 km) long and
is shown as a fault or shear zone dipping 70° to 75° to the
northeast on an undated U. S. Army Corps of Engineers Alaska
District map (Plate 05 entitled "Watana Reservoir Surficial
Geology"). The Fins feature is prominently exposed on the north
side of the Susitna river as a series of vertical shear zones
which has a total width of approx imately 200 feet (61 m). The
shear zone is approximately 2,500 feet (762 m) upstream from the
proposed Watana dam axis and is in a granitic unit (specifically,
a dioritic pluton) mapped as being Paleozoic in age by Csejtey
and others (1978) as shown in Figure 7-1.

Evidence of the feature has not been observed on the south side
of the Susitna River. However, the south bank does not have the
prominent bedrock exposures which are present on the north bank
in this area.

The Fins feature observed on the north bank of the Susitna River
appears to correlate with a moderately to highly weathered, oxi
dized shear zone present on the northeast bank of Tsusena Creek
approximately 2 miles (3.2 km) upstream from the confluence with

the Susitna River. Joint measurements were obtained during the
1980 field season by Acres American Inc. on the Susitna River

(location WJ-3) and by both Acres American Inc. and Woodward
Clyde Consultants in Tsusena Creek (locations WJ-4 and JW-3,
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respect ive ly). These measurements show a prominent northwest
southeast trending set of joints which dip steeply northeast to
southwest.

Observations during this investigation at Tsusena Creek included
that of a 6.5-foot- (2-m-) wide fault zone (within the oxidized
zone) which is oriented N300W and dips nONE. The fault zone is
in granitic units of reported Paleocene age (Figure 7-1) and

contains mylonite and possibly pseudotachylite. Elsewhere
in the oxidized zone, small scale faults oriented northwest
southeast with a northeast dip and sl ickens ides were observed.
The oxidized zone is shown in Figure 8-11. No evidence of the

feature was observed northwest of the Tsusena Creek exposure;
however, prominent exposures similar to that at Tsusena Creek are
lack i ng.

The Fins feature appears to underlie a morphologic depression in
surficial units between the Susitna River and Tsusena Creek. It
is also coincident, in part, with a buried paleochannel which is
filled with glacial deposits. Evidence for the paleochannel is

based on seismic refraction studies conducted by Oames and Moore
(1975) and Woodward-Clyde Consultants (1980).

The Fins feature has been classified during this investigation as

be ing an indeterm inate feature wi th a moderate 1ike I ihood of
recent displacement (A). This classification is based primarily

on the observed shear zones in the Susitna River and Tsusena
Creek and on the morphologic depression in glacial sediments that

appears to coincide with the feature.

The feature has been designated as a significant feature because
of its proximity to the Watana site and resultant surface rupture

potential through the site. The feature is considered to be too
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short to affect cons i derat i on of se i smi c source potent i a1 (as

discussed in Section 2.4.2). The feature does not affect seismic

source or surface rupture cons iderat ions for the Dev i I Canyon

site because of its distance from the Devil Canyon site.

8.5.2 - Devil Canyon Site

Lineament KC5-5

Lineament KC5-5 trends north-northwest/south-southeast for a dis

tance of 12 miles (20 km) and approaches within 4.5 miles (7 km)

east of the Devil Canyon site (Figure 8-5). The lineament was

initially identified in part by Gedney and Shapiro (1975) on

LANDSAT imagery. Subsequent examination of U-2 photography and

aerial reconnaissance during this investigation resulted in the

ext ens ion of the 1i neament at its northern and southern ends.

The 1ineament is expressed morphologically as a 1inear stream

drainage and low saddle or shallow depression south of the

Susitna River and as a linear stream drainage north of the

Susitna River (Figure 8-5).

North of the Susitna River, the lineament was observed during the

field reconnaissance study to be expressed as a broad 1inear

valley with small lakes and ponds. This valley and related

stream drainage align with a tributary stream valley 'outh of the

Susitna River. This stream has a bedrock fault exposed in the

bottom of the valley near the confluence with the Susitna River.

From the air, the fault was observed to be expressed as a sheared

zone of oxidation (and perhaps mineralization) within granitic

bedrock. Access limitations precluded a ground study of the

fault.

8 - 28



At the southern end of the 1ineament, a step or scarp was

observed (Figure 8-12i. Ground reconnaissance of this scarp

showed that joints at the outcrop are oriented parallel to the

orientation of the lineament (N10·W). Oecomposed igneous rock is

present at the top of the scarp and hard, strong rock is present

at the base. A discontinuous cover of till overlies the ground

surface in the vicinity of the scarp. The scarp appears to be

related either to joint control or possible slumping. No

evidence of fault control was observed.

The lineament appears to be controlled by a bedrock fault along

at least part of its length and by joint control or slumping

along its southern sect ion. No ev idence of recent d i sp1acer. ent

was observed. However, the paucity of geologically recent

deposits precludes a definitive evaluation of the recency of

displacement based on the results of the investigation to date.

Lineament KC5-5 has been classified during this investigation as

being an indeterminate feature with a low to moderate 1ikel ihood

of recent displacement (8). This classification is based pri

mariy on the presence of bedrock faulting locally along the

1ineament and the general 1ad of depos its suitabl e for determi

nation of the recency of displacement.

The lineament has been designated as a significant feature

because of its sei sm ic source potent i aI for the Dev i 1 Canyon

site. The lineament does not affect consideration of the poten

t i a1 for surface rupture of either the Dev i1 Canyon or Watana

sites because it does not pass through the sites. The lineament

does not affect consideration of seismic source potential at the

Watana site because of its distance from the Watana site.
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Addit ional studies are considered necessary to determine if the

exposures of apparent faulting are related to the 1ineament and

what portion of the lineament is fault controlled. If the linea

ment or port ions of the 1ineament are fault contro 11 ed, then

stud i es need to be cons idered to determi ne the related f au 1t

parameters and recency of displacement as discussed above for

1ineament KD3-7. If the 1ineament is not a fault, or is fault

controlled over a significantly shorter length than its present

mapped length, then it will no longer affect consideration of

seismic source potential at the Devil Canyon site.

Unnamed Fault (KD5-2)

An unnamed fault has been mapped by Richter (1967) for a distance

of 3 miles (5 km). As described by Richter (1967) the fault is

oriented N70'E, dips 30'NW, and approaches within 3.5 miles (5.6

km) northwest of the Devil Canyon site (Figure 8-5). Richter

mapped the fault as having normal displacement which downdropped

arg ill i te on the northwest re1at ive to quartz monzon i te on the

southeast (the age of these units is Mesozoic and Cenozoic,

respectively, as shown in Figure 7-1). The fault is marked by

clay gouge, slickensides, and limonite (orange to yellow iron

uxide) stain.

The fault was observed on U-2 photography during this investiga

tion to be a short, linear depression with a prominent oxidized

zone with shearing at the southwest end of the depression (Figure

8-13). Aerial and ground reconnaissance during this investiga

tion showed evidence of faulting in the argillite in the vicinity

of the oxidized zone.

The age of the youngest unit involved in the faulting, the

Cenozoic granodiorite, suggests that the displacement has oc

curred in the last several million to tens of millions of years.
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Data appropriate to determining how recent the displacement

occurred, within this Cenozoic time framework, was not obtained
during this investigation.

Fault KD5-2 has been classified during this investigation as
being an indeterminate feature with low to moderate likelihood of
recent displacement (B). This classification is based on the
presence of a mapped f au1tal ong wh ich there is no prom inent
morphologic expression.

The fault has been designated as a significant feature because of

its seismic source potential for the Devil Canyon site. The
lineament does not affect consideration of the potential for
surface fault rupture through either the Devil Canyon or Watana
sites because it does not project through these sites, nor does
it affect consideration of seismic source potential at the Watana
site because of its distance from the Watana site.

Additional studies are considered necessary to better define the
length of the fault and to locate units or surfaces of suitable
age to better define the time of latest displacement along the
fault. In addition, the relationship of these units or surfaces
relative to the fault should be evaluated to determine the
recency of displacement along the fault. If the fault is
found to be shorter than its present length or is found to have

evidence that no recent displacement has occurred, then it will
no longer affect consideration of seismic source potential at the
Devil Canyon site.

Lineament KD5 -3

Lineament KD5-3 trends northeast-southwest for a distance of 51
miles (B2 km) and approa~hes within 3.6 miles (5.B km) northwest
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of the Devil Canyon site (Figures 8-2 and 8-4). Part of the

lineament is identified as a fault by Kachadoorian and Moore

(1979). The remainder of the 1 ineament was ident ified by Gedney

and Shapiro (1975) on SLAR and LANDSAT imagery. Subsequent

eXiIllination of U-2 photography during this investigation showed

the lineament to be expressed morphologically as a prominent

1inear segment of Portage Creek and as a prom'inent 1inear bench

along the south bank of the Susitna River soouthwest of Portage

Creek.

Ground and aerial reconnaissance studies comducted during this

invest ig at ion along Portage Creek showed the lineament to cons is t

of a prominent 1inear, elevated depression iillong the northwest

bank of Portage Creek (F igure 8-14). At the northeast end of the

lineament, mineralized zones were observed in Portage Creek.

Further to the south, along the northwest side of the creek,

an apparent shear zone was observed which could not be reached on

the ground. The shear zone may be related to the lineament,

although that observation remains to be confirmed. Elsewhere

along this linear depression, it appeared to be underlain by

bedrock and to represent a glacial meltwater side channel.

Near the confluence of Portage Creek and the Susitna River, the

lineament trends across a low plateau and is expressed as a

bench or terrace. Some mining activity is being conducted on

this plateau. The nature of the mine and the geologic relation

ships exposed in the mine were not available at the time of this

report.

No evidence of fault control was observed in intermittent rock

exposures and river alluvium where the lineament crosses the

Susitna River; however, folding in argillite and sandstone was

observed southwest of Portage Creek. From this area to Gold
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Creek, the 1ine~ent is represented by a meltwater side channel in

glacial moraine deposits along the south bank of the Susitna

River. South of Gold Creek, the 1ine~ent is expressed in bed

rock as a bluff or terrace along which there ~as an observed

consistent pattern of stream deflections or offiets. In the

vicinity of Curry, a pronounced change in lithologic texture and

color and perhaps structural fabric was observed.

In addition to the observations described above, there is circum

stantial evidence which suggests that another 1ineament (desig

nated K06-4 during this investigation) may be a splay of lineament

K05-3. Line~ent K06-4 is a 1ineament identified on LANOSAT and

SLAR imagery by Gedney and Shapiro (1975). The lineament trends

east-west along most of its length and northeast-southwest at its

eastern end. The eastern end of the 1ine~ent (as it is presently

observed), 1i es para 11 e1 to 1ineament K05-3 and on the oppos i te

(north) side of the Susitna river. Evidence of possible bedrock

faulting was observed along sections of the 1ineament, and there

are local anomalous morphologic relationships in glacial units

(e.g., deeply eroded drainage channels with no observed source).

On the basis of observations made during field reconnaissance for

this investigation, it is considered possible that lineament K06-4

is a splay of lineament KOS-3. For the purposes of additional

evaluation, 1 ineament K06-4 will be considered and designated as

the southwestern splay of lineament K05-3.

Line~ent K05-3 and the southwestern splay have been classified

during this investigatioll as being an indeterminate feature with

low to moderate likelihood of recent displacement (B). This

classification is based on: local expressions of mineralized and

shear zones along the 1ine~ent wh ich are suggestive of fault

control; the fault segment shown by Kachadoorian and Moore (1979)
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that corresponds with a portion of the lineament; the presence of
mining activity suggestive of possible fault control; and the
1ithologic contrast at the southwestern end of the 1ineament.
There is no evidence of displacement in glacial and fluvial
deposits along the lineament, and many segments of the lineament
appear to be related to glacial processes. Thus, there is local
evidence of bedrock fault control along sections of the lineament
and few data which serve to define the recency of displacement.

The 1ineament has been designated as a significant feature
because of its seismic source potential for the Devil Canyon
site. The 1ineament does not affect consideration of the poten
tial for surface rupture through either the Devil Canyon or

Watana sites because it does not project through these sites, nor
does it affect consideration of seismic source potential for the
Watana site because of its distance from the Watana site.

Additional studies are considered necessary to determine if
lineament KD5-3 is a fault. If it is a fault then detailed
studies will need to be considered to determine the related fault
parameters and recency of di sp1acement as discussed above for

lineament KD3-7. If the lineament is not a fault, then it will
no longer affect consideration of seismic source potential at the
Devil Canyon site.

Lineament KD5-9

Lineament KD5-9 trends west-northwest/east-southeast for a dis
tance of 2.5 miles (4 km) and approaches within one mile (1.6 km)
south of the Devil Canyon site (Figure 8-5). The lineament
init i ally was ident ified on SLAR imagery by Gedney and Shapiro
(1975). SUbsequent examination of U-2 photography during this
investigation showed the lineament to be expressed morpholog
ically as a 1inear al ignment of a stream drainage, several small
lakes, and marshland.
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The western segment of the I ineament, expressed by the stream

drainage, cuts across the structural grain of the terrain in

which it is located. Along the middle segment, the lineament

is expressed as linear shoreline. Locally, the lineament is

expressed as a glacial trimline (Figure 8-15). Glacial moraine

deposits were observed between two of the lakes along the align

ment; no ev idence of f au ltd i sp I acement was observed in these

deposits.

East of the lakes, the I ineament is a shallow depression which

aligns with a knickpoint (with waterfalls) in Cheechako C~eek.

Where the lineament was examined on the ground (approximately 0.6

miles (1 km) west of the intersection with lineament KD5-45), the

orientation of schistosity was observed to be parallel with the

alignment of the lineament.

The I ineament is classified as being an indeterminate feature

with low likelihood of recent displacement (BL)' This classi

fication is based on the judgment that this lineament did not

have any clear-cut evidence of fault control. There is circum

stantial evidence suggestive of fault control, e.g., the knick

point in Cheechako Creek. These is also circumstantial evidence

that even if the I ineament is a fault it does not have recent

displacement because glacial moraine deposits are not displaced.

However, definitive evidence which precludes the presence of a

fault and which preclUdes recent displacement has not been

obtained.

The lineament has been designated as a significant feature

on the basis that it could affect consideration of seismic source

potential at the Devil Canyon site. The lineament does not affect

consideration of surface rupture potential through the Devil

Canyon site because it does not pass through the Devil Canyon
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site. The lineament does not affect consideration of seismic

source potent i a1 or potent i a1 surface rupture at the Watana site

beca"se of its distance from the Watana site.

Additional studies are considered necessary to determine if

lineament KD5-9 is a fault. If it is a faul: then detailed

studies will need to be considered to determine the related fault

parameters and recency of d i sp1acement as discussed above for

lineament KD3-7. If the lineament is not a fault, then it will

no longer affect consideration of seismic source potential at the

Devil Canyon site.

Lineament KD5-12

Lineament KD5-l2 trends northeast-southwest for a distance of

14.5 miles (24 km) and approaches within 1.5 miles (2.4 km)

upstream of the Devil Canyon site (Figures 8-4 and 8-5). The

1ineament initially was identified, in part, on SLAR imagery by

Gedney and Shapiro (1975) as a 1inear stretch of Cheechako Creek

south of the Susitna River. The lineament was extended northward

across the Susitna River; this judgment was based on morphologic

relationships observed on U-2 photography during this investiga

tion. North of the Susitna River, the lineament is expressed in

part as a linear depression in which lie several small lakes,

and in part as a linear stream drainage (Figure 8-16). This

depression cuts across the predominant structural grain of this

area.

During the field reconnaissance study, the lineament was observed

at its northeast end to coincide approximately with a bedrock

contact between gran i t ic intrus ive rocks on t.he southeast and

argillite to slate grade metamorphic rocks on the northwest.

Detailed mapping is necessary to confirm this observation, which

is based on reconnaissance level observations on the ground.
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No evidence of a fault, or structural control was observed where
the lineament crosses the Susitna River. The northeast wall of
Cheechako Creek, where the lineament is shown by Gedney and
Shap i ro (1975), was exam in~d on the 9round from a dis tance of
approximately 1,000 feet (305 m). No evidence of fault control
was observed in the granitic rocks of reported Cenozoic age
(Flgure 7-1); however, the resolution of this observation is
limited by the distance of the observation and the access limita

tions imposed by the canyon walls.

At the southwest end of the 1ineamen'c, a shear zone (approx im
ately 200 feet (61 m) wide) was observed within the stream drain
age associated with the lineament. Whether the shear zone is
related to the lineament is unknown at this stage of the investi

gation.

Lineament K05-12 has been classified during this investigation as
being an indeterminate feature with low likelihood of recent
displacement (BL)' This classification is based primarily on
the shear zone at the southwestern end of the lineament and on the
presence of a linear depression cutting across the structural
grain of the area. It is also based on the absence of any
ev idence of recent disp1acement, wh ich suggests that eve~ if a
bedrock fault is present, there doesn't appear to be recent

displacement.

The lineament has been designated as a significant feature
because it could affect consideration of the seismic source

pot~ntial for the Devil Canyon site. The lineament does not
affect consideration of the potential for surface rupture at
either the Devil Canyon or Watana sites nor does it affect con
sideration of seismic source potential at the Watana site because
it does not pass through the Devil Canyon site and because of its

distance from the Watana site.
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Additional studies are considered necessary to determine if

lineament KD5-12 is a fault. If it is a fault, then detailed

studies will need to be considered to determine the related fault

parameters and recency of displacement as discussed above for

lineament KD3-7. If the lineament is not a fault, then it will

no longer affect consideration of seismic source potential at the

Devil Canyon site.

Lineament KD5-43

Lineament KD5-43 trends east-west for a distance of 1.5 miles

(2.4 km) and passes through the left abutment of the Devil Canyon

site (Figure 8-5). The lineament is expressed morphologically as

a short prominent depression, approximately 300 feet (91 m) wide,

which is oriented parallel to the Susitna River. Within the

depression are two small lakes with a low saddle of glacial

material between them.

The depression associated with the lineament was considered as a

potential spillway during initial feasibility studies conducted

by the U. S. Bureau of Reclamation (USBR) in 1957 and 1958

(U. S. Bureau of Reclamation, 1960). During the USBR study,

five borings were drilled across the depression on the saddle

between the two lakes. An additional boring was drilled on the

southwest shore of the eastern lake and a test pit was excavated

in the saddle near the northwest shore of the eastern lake during

this study.

In 1978, Shannon and Wilson conducted a seismic refraction tra

verse along the saddle for the U.S. Army Corps of Engineers

(1979). During the 1980 feas ibi 1ity study, Acres American Inc.

drilled an angle boring southward from the north shore of the

eastern lake. The bor i ng was dr i 11 ed beneath the 1ake for a
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distance of 501 feet (153 m) across the axis of the depression.

As part of th Is feas Ib il Ity study, Woodward -C lyde Consu1tants

(1980) conducted two north-south seismic refraction traverses

across the eastern lake and a northwest-southeast traverse at an

oblique angle to the north-south traverses and the axis of the

depression.

The data obtained from these studies show that a burled bedrock

channel Is present beneath the eastern part of the depression.

The channel has a maximum depth of approximately 90 feet (27 m)

and is filled with 80 feet (24 m) of sand and gravel (glacial

outwash) which Is overlain by approximately 10 feet (3 m) of

silt, sand, gravel, and cobbles (glacial till).

One of the borings drilled in the center of the burled valley

during the USBR study encountered "sheared rock" for the 20-foot

(6-m) distance the boring was drilled In rock. The boring (0-2)

drilled by Acres American Inc. did not encounter ev idence of a

fault or shear zone beneath the depression.

During this Investigation, the lineament was observed to be a

linear depression with glacial deposits lying between the two

lakes (F Igure 8-18). The canyon wall of Cheechako Creek at the

east end of the lineament was examined from the air. No evidence

of faulting was observed, but the airborne nature of the observa

tion and vegetation cover preclude a definitive Interpretation.

No ev Idence of d i sp 1acement was observed from the air on the

Susltna River canyon wall at the west end of the lineament. How

ever, access limitations and vegetation cover limit the con

fidence in this interpretation.

Ground reconnaissance studies conducted along the lineament

during this investigation included fracture analyses In bedrock
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on both sides of the depression and ground traverses of the

saddle between the two lakes. The fracture analyses showed that

fractures on both sides of the depression have similar orienta

tions. The dominant orientation is N3S'W with a steep northeast

to southwest dip.

Ground traverses of the saddles between the two lakes showed that

several linear depressions are present in the surficial glacial

moraine deposits. The depressions are approximately SO to 100

feet (30 to 61 m) wide and 10 feet (3 m) deep. The axes of these

depressions are aligned parallel to the lineament trend. The

origin of these depressions is probably related to glaciofluvial

processes; however, a fault origin cannot be precluded on the

basis of available data.

Considering the above information and data, the depression associ

ateo with 1ineament KOS-43 appears to be a meltwater side

channel that may be structurally controlled. According to

this interpretation, the depression may have developed due to

differential erosion along a prominent structure such as a

fracture zone or bedrock fault. Subsequent glacial and/or

meltwater processes served to enhance and probably deepen the

depression, and it was later filled with sediments during a late

glacial event (perhaps in late Wisconsin time).

lineament KDS-43 has been classified during this investigation as

being an indeterminate feature with low likelihood of recent dis

placement (Bl). This classification is based on the presence

of a prominent linear depression, a buried bedrock valley with a

shear zone in the upper 20 feet (6 ml, linear depressions in the

glacial m.:lraine deposits which fill the depression, similar

fracture orientations on both sides of the depression, and the

absence of a fault zone beneath the depression based on the

drilling conducted in 1980.
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The 1ineament has been designated as a significant feature

because of the potent i a1 for surf ace rupture through the Dev il

Canyon site. The lineament does not affect consideration of

seismic source potential for the Devil Canyon site because its

short length precludes its being a source of a moderate to large

earthquakes (on the basis of rupture-length versus magnitude

relationships. as discussed in Section 2.4.2. The lineament does

not affect consideration of seismic source potential or potential

surface rupture through the Watana site. because of its distance

from the Watana site.

Additional studies are considered necessary to confirm that

1i neament KD5-43 is not a f au 1t. The resu lt s of dr ill i ng con

ducted by Acres American Inc. during 1980 (boring 0-2) strongly

suggest that the 1ineament is not a fault. However. because the

lineament passes through the Devil Canyon site. additional data

shou1d be acqu i red to increase the 1eve 1 of conf idence in th i s

interpretation.

Lineament KD5-44

Lineament KD5-44 trends north-south for a distance of 21 miles

(34 km) and approaches within 0.3 miles (0.5 km) upstream of the

Devil Canyon site (Figure 8-5). The lineament initially was

identified south of the Susitna River as two discontinuous linea

ments on SLAR imagery by Gedney and Shapiro (1975). One of the

1ineaments followed. in part. the northern end of Cheechako Creek

whose confl uence wi th the Sus i tna River is immed i ate1y upstream

from the Devil Canyon site. Air photo interpretation conducted

during this investigation identified a lineament with a similar

alignment along a stream drainage whose confluence with the

Susitna River is opposite that of Cheechako Creek.
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During the field investigation, it was the 0plnlon of the Wood

ward-Clyde Consultants' geologists that the two 1ineaments iden

tified by Gedney and Shapiro (1975) and the lineament identified

by Woodward-Clyde Consultants should be considered as a single

lineament. Therefore the field invest igation and the subsequent

anaiysis of the lineament have considered the feature as a single

lineament, 21 miles (34 km) long.

The lineament is expressed morphologically as a linear series of

aligned stream drainage segments, small lakes, and shallow depres

sions or saddles in rolling terrain. Evidence of possible fault

control is suggested by the apparent termination of a dike on the

north wall of the Susitna River; a possible bedrock scarp on the

south bank of the Susitna River; and discolored rock zones along

Cheechako Creek.

The dike described above is exposed on the north wall of the

Susitna River on the east side of the drainage associated with

the 1 ineament (Figure 8-19). On the basis of the work conducted

to date, the dike appears to terminate or die out at the east

side of the drainage. Whether the termination is fault related,

a function of dike orientation and the orientation of the

exposure, or due to the dike naturally dying out is yet to be

determined.

Seismic refraction studies were conducted by Shannon and Wilson

in 1978 on the point bar that juts northward into the Susitna

River from the west bank of Cheechako Creek. These studies

included two survey lines oriented parallel to the Susitna River

and at right ang les to the 1ine.ment. The results of the study

suggest that a buried step or scarp in bedrock steps from a depth

of approximately 100 feet (30 m) below the point bar (on the

downstream side) to a depth of 600 to 650 feet (183 to 198 m) on
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the upstream side (U.S. Army Corps of Engineers, 1979, Exhibit

0-1). On the basis of these two seismic refraction lines, the

bur i ed sc arp can be inferred to have a bur ied re 1ief of approx

imately 500 to 550 feet (152 to 168 m) and its base is oriented

approximately N2S·W to N30·W, subparallel to the trend of linea

ment K05-44. The southwest side of the step is up relative to the

northeast side.

Along Cheechako Creek, zones of 1ight colored, fractured, and

high1y weathered or pu1ver i zed rock were observed from the air

during this investigation. The origin of these rock zones could

be due to faulting. However, other origins such as weathering of

a mineralized zone could also explain the observed rock zones.

Along the lineament only one morphologic anomaly was observed

during this investigation that may be indicative of recent dis

placement if the lineament is a fault. A terrace of fluvial or

glaciofluvial deposits is present along the lineament south of the

Susitna River. A linear shallow depression, approximately 500

feet (152 m) long, is present in this terrace with an alignment

parallel to that of the lineament.

Examination of exposures on the margins of the terrace showed no

evidence of faulting; however, the coarse-grained, cobbly nature

of the deposit and access limitations prevented exhaustive

examination of the exposure during this reconnaissance investiga

tion. The origin of this depression is probably related to

stream processes which occurred at a time when the creek in this

area flowed along the surface of the terrace. However, a fault

origin cannot be precluded on the basis of the data obtained to

date.

Lineament KOS-44 has been classified during this investigation as

being an indeterminate feature with a moderate likelihood of
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recent displacement (Al. This classification is based on the
apparent termination of the dike on the north wall of the Susitna
River, the bur ied bedrock scarp at the mouth of Cheechako Creek,
the zones of discolored rock south of the Susitna River, and the
anomalous depression in the terrace along the lineament.

The 1ineament has been designated as a significant feature
because of its seismic source potential for the Devil Canyon site
as well as the potential for surface rupture through the site.
The 1ineil11ent does not affect cons iderat ion of se i smic source
potent i a1 or potent i a1 for surface rupture at the Watana site
because of its distance from the Watana site.

Additional studies are considered necessary to determine if
lineament KD5-44 is a fault. If it is found to be a fault, then
detailed studies will need to be considered to determine the
recency of displacement as well as other pertinent fault para
meters as discussed above for 1inearnent KD3-7. If the 1ineil11ent
is found not to be a fault, then it will no longer affect con
sideration of seismic source potential or the potential for
surface rupture at the Devil Canyon site.

Lineament KD5-45

Lineament KD5-45 trends approximately east-west f r a distance of
19.5 miles (31 kml and approaches within 0.8 mile (1.3 kml of
the left abutment of the Devil Canyon site (Figures 8-4 and 8-5).
The lineament was identified during this investigation as a prom
inent north-facing linear bluff along the south bank of the
Susitna River (Figure 8-20). Aligned with this bluff is a small,
1inear streil11 drainage at the west end of the 1ineament, a 1inear
topographic depression along the eastern portion of the linea
ment, and several small lakes along the lineament.
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Ground and aerial reconnaissance conducted during this investiga
tion showed that the lineament corresponds primarily to the front
of the hills (i.e., range-front) along the south bank of the
Susitna River (Figure 8-4) and locally is expressed as a linear
trough approximately 150 feet (46 m) wide and 10 feet (3 m) deep.
The lineament is underlain by argillite and glacial till.
Water was observed flowing at a rate of approximately 3 to 5
gallons per minute (11 to 19 liters per minute) out of the till
at the base of the trough. No evidence of displacement was
observed in the till.

The lineament has been classified during this investigation as
being an Indeterminate feature with low to moderate likelihood of
recent displacement (B). This classification is based on the
prominent morphologic expression of the lineament and the absence
of conclusive evidence which precludes fault control, or recent
displacement if the feature is a fault.

Lineament K05-45 has been designated as a significant feature
because of its proximity to the Devil Canyon site and because of
its relatively long length. Consequently, the lineament could
affect cons iderat ion of sei smic source potent ia1 at the Dev i 1
Canyon site. The lineament does not affect consideration of
potential surface rupture at the Devil Canyon site because of its
distance from the Devil Canyon site. The lineament does not
affect consideration of seismic source potential nor potential
surface rupture at the Watana site because of its distance from
the Watana site.

Additional studies are considered necessary to determine if
1ineament KD5-45 is a fault. If it is found to be a fault, then
detailed studies will need to be considered to determine the
f au It-re1ated parameters and recency of di sp1acement as discussed
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above for lineament KD3-7. If the lineament is not a fault,

then it will no longer affect consideration of seismic source

potential and potential surface rupture at the Devil Canyon
•

site.
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TABLE 8-1

SU~~PRY OF GEOLOGIC CHARACTERISTICS USED TO CLASSIFY
CANDIDATE FEATURES

Field hidence

ObSer...ed Ou.t~n.r1 displlC-.nt .10ng •
••ppeel or Obser,ec1 huH

Pre-inent IIOrpnolog;c bpr-ession of protllble
hult·rtllt~ futuru 1n Quaternary la'Itts

M,pped or observed hull with sYbtle or dis·
continuous lllOrpnologlc eJ;pression of possible
hull-re1l1td futures but no suitlble
QUltern,ry co... e,. to access rK~1 of
d i spllC..ent

liMlrflfnl with -erpnologtc e-presslon of
possible hult·rthttd 'tltures in QUI
ltrnl")' units with no suitable exposure to
conftr'lll or prfChlde recent dhplACeHnt

",,,peel or OIlservtd hult .ith no -orphologtc
, ..preuion

H,pped or oblerwed flult .ith no ewldente of
displ.CfIlIfnl tn QUlternlry !,I'llts

l infllllenl .itn pouiblt fault in9 in bedrock,
but no displ.ce-ent of Qulttrn,ry units.

lintlllttnl .ittl no Oburved McIroclt "u1ttr'9
but licking. suffic'ent ~r of outcrop!>
to adequ.tely preclude hult control. ,.,
observed surhce Morphologic bpression in
or displlc8ltnt of QUltern.ry l,Wlits.

l \ne-.nt Ittr1bute<l to 911c1l1 or fluvhl
processes

No line.r futures discernible

Ch.nee .1 'gment of Wlrellted fe.tures

A line..nt lIith 1ft observed exposure of
bedrock .nd/or Qu.tern.ry l,Wlits .ntch
precll1de existence of • f'l,Ilt

Cl.ssification'
rftdetenl1ntnt

If 8' s,:

I

I

I

I

I

I

_.
519"1'1ct"t

I

I

I

I

Noles: 1.
2.
3.,.

Section 8.2 descrtbes lhe b.sts for the clissifiCitton t.""ino109Y.
Indetel'1lin.te-IIOGer.te ltkelihood of recenl displlc-.nt.
Indetenllin.te-101l-to-lIOder.te likelihOod of recent dlsplace-enl.
Indeterwin.te-lo- llkel ihood of rteent displacewnt.



WoodI:.....a,de eon..It8nts

TABLE 8-2

BOUNDARY FAULTS AND CANDIDATE SIGtHFICANT FEATURES

Dtshnc~ (o.)
fault (Fl Chs· ,....

future l fenurl or l inel- sifl- fault~ Ltftgtht bi¥ii
lriU'CItr .- IWflt ILl c.t tOr? r,.. (o.) c....)'O" III.t,n, ee-tnts '

BOllNDAAY FAUlTS

Am,· I Clstl! JIlIt. f • (1)1 tque- 200 lOS lIS Surp. '1eget.t ton ,1 tg.-ent in Qu.-
SHp trrn.r1. possible offset st"tllllS,

10·2010 aI dhplac_nl 1n Holocene
~tts (Dttle,.," Iftd othe'rs. \916).

kf!;off , Subdue- 60 50 sutldllCtlng 'Ictflc plate which Is
Zont t 10n Zone btlng underthrust bene.th the North

_riCII\ Phte (llhr ",d Phner,
lOBO).

H84·1 Den.li f • Strite- 2000 70 .. Brelk 1n slope, 1inur 5trt..s,
Slip tr~h. saddles, lithOlogic con-

trnt. continuous 1 inur SCIT1I.
offset Qullern.ry (fepcstts (Hictll,n
Iftd otMr"S, 1978).

CMDIOATE SIGNIFICANT f[ATURES

MAZ-l lit. 41 56 19 Bruit 1n sloPt. ridge, trtnCh,
vegetation 11ne. ltnur strUllI
seg.tnt. discontinuous K.rps.

HAC-) 8 43 42 12 Bruit 1n sloPt!, trenth. W~I!U·

tton 11ne. sinuous surp, possible
offset stre.. , possible sa9 pond.

H"'6-) 8 No"ul lOS 66 Bruk tn sloPt, vegeUtion line,
SClrO, -ount.'n front (CseJtey
and others, 1918).

H"'6-5 Chulitn. 8 Thrust 116 38 70 Saddles. grooves, lithologic con-
trlSt (H..l.y Ind ClIrlr., 1913).

HA6-6 Upper f 8 Thrust 46 40 76 Ridge. lithologic contrlSt
Chulttn. (H..,.y Ind Clirk. 1913).

HA6-6. Upper f 8 !hrust 16 43 70 Lithol,iC contrlSt (K.'ey Ind
ChuHtn. ClIrll, 973).
Spl.y

""6-13 f • Thrust 27 76 4S lithOlogic contrlSt, SClrp (H.ley
IIId ClIn, 1913).

HBS-) l lit. 40 38 Bruk in sl~. lithologic contrlSt.
offset str•••

KB6·S • Thrust 21 70 40 Brelk in slope, saddles, possible
offset of IIOrline (Steele ..d
LeCc.pte, 1918).

K86·66 l • 23 66 34 BrelK in slO9f:, trench. yegetl-
tion line, bench. lithologic
contr.st. discontinuous SClrpS,
linen stre.s.

ItCl-) f 8 Thrust 61 26 Bruk in sloPt, Slddles, oxidized
zone Stlrp 1 fMlr stre.i
(Csejtey Ind oth.rs. 1978).

1(('-1 hlkeetn. f • Tm-ust 364 2S 6.6 Line.r str••s s~nt, line of
fllkes, vegetation line, lithologic
contrlst (CseJtey Ind others, 1978).

IC'-2l l 8 .. 28 37 l inur stre.s, she.red lone.

1t('-26 l 8 12 37 7 lithologic contrut, sc.rp.
possible fault in ~rock.



WoodwarcIoClyde ConsuIt8nts

TABLE 8-2 (cormNUED)

BOUNDARY FAULTS AND CANDIDATE SIGNIFICANT FEATURES

D;sunc~l ( ....)
Fault (F) elu- 'r..

future I F'e.tvre 1 or L inu- s if1- , ..It' ltf'l9t1l' bi¥1I
llIulJOer .- .wnt (l) Ulio,,' T,... (u) C,,,)'Oft lIl.tln. C~ntsl

In-l l "- 18 31 .. aruk in sloPe. l'Ma,. Itre..s.

I(CS-l l • 21 21 41 line.r str••" tr~nch.

I((S-) • 51 IS 3S are. in slO9f:. 1t ..... stre-.s.
trench, saddles, discontinuous
sc:,rps. possible hult obse:r..,e4 ,.
bedrock.

ItCS·' l • 20 31 Linea" str._. scarp.

I:C5-7 l • 10 11 42 l int.r 5t,.••S. poss1bl. stnMl
offs.t, SCirp.

r;CS-17 l "- 13 24 Slddles. possible Inured Mclrock.

1((5-63 l • 1. 27 .. l;nUI" strt.-s. trrnch. possible
lithOlogic contrut. b...... in slo~.

IC01-1 , • Thrust 22 85 45 Vtqftltton contrast. break in
slope (CStjtty .nd other'. 1918).

I:OZ-l hltHtn. F 8 Tl'trust 34 B' 21 Siddle" l1tl'lologtc contrast,
Splay possible offsel of ridge

(Klctlldoorhn and Moort. 1979).

ItO]·2 l 8 1B BO 20 Saddles. lithologic contrut.
...eget.t ion line.

KD3·1 • OS 27 16 Bruk tn slope. Slddles, lithologtc
contrlSt IKichaclooritn and Moore,
1970).

1(03·2 • 18 42 4.5 ltn..r str... Hptftt (ltiuan,
19741.

1(03·3 Susltn. "- 153 2S 3.2 Brelk tn slope, uddle. ltnur
stre.s. sc.rp, (Turner end Slatth.
1974) .

K03-6 l 8 27 51 10.S Brelk tn slope, suburtne SClrp in
Btg lake. dtscont tnuous SClrp.
observ~ Pill she.r tn bedrock.
Slddles.

KDJ·7 l "- SO 35 0.0 Ltne." stn_ s~nt. trench. brelk
In slOge. vegettt ion line.

KD3-1S l • 5 32 • Br1!lk tn sl•• ridge. trenches.
Saddles. dtscontinuous SClrps.
lithologic contrlSt.

K03-16 l "- 13 43 11 Depression. vegetation 1ine. scarp.

K04-3 l "- 14 17 11 ere.k tn slope. linear stre.
seglltnt.

K04-4 • 17 1B 23 ltnur st,..•• ltthologic contrast.
oald1J:l!d .nd she,rl!d lone.

K04-S l • 25 14 11 Brut in slope. trench. saddles.
..eget.tion ltne. discontinuous
K.rps.

K04-6 "- 22 34 10 Trenches. dtscontlnuous scarp.
ltnt.r strt•• break tn slope.

K04-27 fins F • 3.2 37 0.0 Depress tor.. Oil id Ited lone. fault
exposed in husen, Creek, (undated
U.S. A~1 Corps of Engineers .,p).



TABLE 8-2 (CONTINUED)

BOUNDARY FAULTS AND CANDIDATE SIGNIFICANT FEATURES

Distance· (kII)
Fault (F) elu- fr..

feature I Feature I or l ;nef- sifi- F.ult" length! biYiI
Number NO'. IfItnt (l) Cit Ion J T_ (kll) C.nyon W.t,n. C~nts 1

I(D5-1 • Thrust 25 " 23 aretlt in slope. ridge. trenCh,
saddles. lithologic contrnt.
cn:idtled lone (Kachlldoort.n and Illoore.
1979).

':05-2 • "'....1
, ,., Ja Bre.k in slope. Uddles, 11M of

ponds, oxidhed lone (RieMer, 1967).

K05-3 f • B2 ,.. 23 Break 1n slope, lithologic contrut.
depression, stOdles. sc.rp. sheared
lont (Uchadoorhn Ind Jlt)ort. 1979).

I(DS-!:l L "- , l.6 39 line.r stre..s, trench.

1(05-12 L "- 2' 1.' 2B line.,. depression, uddles, possible
lithologic contrlSt, linear Ureams,
Hnn,. sc.rp.

K05-42 L • , 0.' 3' 8ruk in s,10pe. linea." ,treWD,
trench.

1t05-43 L "- 2.' 0.0 38 line.r depression. line of hkes.

K05-44 A 34 0.' 37 line.r stre~s. line.r scarp,
slddles. depression in .11uvlUl1l,
possible lithologic contrast,
possible offset dike.

KOS·4S L • 31 1.3 '1 line.r str...s, trench, saddles.

K06·1 (hul itna • Nomal 10' 24 .. Break in slope, vegetltion 11M,
A;"'er depression scerp (CstJtey Ind others,

1918) .

K06·4 L • 22 13 'I lithologic contrlSt, uddles.

T(1-3 f • 27 26 OS Trench, Slddles, lithologic con·
tr.st, linear Illtu, brUk In slope,
vegetation line, depression {Griscom,
1919l.

Notes: I. Appendh A e..pllins alpha-nlMltric code nueber.
2. Future n/llle given where known.
3. Classification noution:

A Fault with recent displlcMent;
A - Fault or line.ent with IJIOderlte Hkelthood of recent dtsphctlllfnt;
B - Fault or 11nellllent with low to -oder.te l1kel1hood of recent displlCtlItnt;
lit - Fault or lIneMent with low l1keHhood of recent displlcfllllent.
Section 8.2 describes the tllsis for these classificltions.

4. Fault type given where know,.
S. lengths lIH!asured frCII 1:2SO,1')()(l Ind 1:63,380 scele blse .,ps IS IPproprhte.
6. Distances measured frClll't 1:250,000 Ind 1:63.380 scele bue .,pS IS approprhte.
7. Co!Iments are based on rfl80tely sensed dll' tnterDretltlon .nd field reconn.iss.nce. Cited ,..ferencts

provide information on faults.



TABLE B-3

SUMMARY OF BOUNDARY FAULTS AND SIGNIFICANT FEATURES

Distlnce' (u)

Futurel,.1
reYlt (F) ells·

Length' D"' , f ....

Felture ... '
or l tntl- 51ft ••

'0. -ent (L) e.lton (1lII) ',nyon Vltan.

8ClIfiIDARY f AU\.TS

ADS-l Cutle Jlbtnutn F • 200 105 lIS
F,ult

Bentoff Zone F • 60 SO

HM-l Den.l1 fallt F • 2000 10 60

WATANA SIGttJflCNH FEATURES

ICC4-1 TiltHln, Thrust F • lS4 2S '.5

1<03-3 Susltn. Future F • 153 2S 3.2

ltD3·] L "- SO lS 0.0

ltDl-27 fins Future F • 3.2 J1 0.0

O£VIl C,,"YON SIGNIFICANT FEATURES

ICCS-!> L • 20 31

K05·2 F • 5 5.' 38

KDS-3 L • 82 5.' 23

KDS-9 L "- 5 1.6 l'l

1<05-12 L "- 24 2.4 28

KDS-4Z L • 5 0.8 35

KDS-43 L "- 2.4 0.0 38

KOS ...4 • l4 0.5 J1

KD5...45 L • 31 I.J 41

Notes: 1. Appendb A exphtns "ph.-n.ertc code nulIber.
2. Fe.turf locations Ire shown In F19urn 8·2 through 8-5.
J. Future nllllf Is gtven _ere known.
4. Chsst,tc.tton not.t'on:

R • FlUlt with rteent dhphc.ent;
11. • FlUlt or line_nt "tth -odet.te Hkelthood of recent d1spl.c-.ent;
I • F... 1t or lfne.ent .ittl I.. to IIMIer.te IthlitlDod of recent dhphc.ent;
'- • rlUlt or 1tM~ "Itflt low ltU~UMoI1 of ....8't CShphc-.tnt.

5. length h. thlt II.U~ured \n F\gUl"es B-2 tl'lr~tl 8-S eacept for the Dena\ t
fault lengttl Which was obta\ned fro- RIchter and Matson (1971).

6. Dhhnce is the closest approach of the surflce trace of ttle fault or
ltne..ent IS -euured on tile bue _aps referred to fn Mote 2.
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NOTE

1. Location of Talkeetna Thrust fault
within the area of this photograph
remains to be determined. 50 100 Feet1=:=. I

VIEW OF TALKEETNA THRUST FAULT
LOCATION ON THE SUSITNA RIVER



SUSITNA FEATURE (KD3-31

Stephan Lake

NOTE
1. The Susitna Feature (KD3·3) location

shown on this photograph is approx
mate. No single morphologic expres
sion of the feature has been observed.

",., AERIAL VIEW OF SUSITNA FEATURE (KD3-31

WOODWARD-CLYDE CONSULTANTS 141t58A o.cember 1980 FIGURE B-9
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VIEW OF FINS FEATURE
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AERIAL VIEW OF FEATURE KC5-5

WOODWARD-CLYDE CONSULTANTS 14t,.j8A December 18 1980 FIGURE 8-12
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FEATURE KD5-3

Portage cr\ ~Irt/.rf:,
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FEATURE KD6-42

FEATURE KD5-42
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AERIAL VIEW OF FEATURE KD5-43
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9 - SHORT-TERM MICROEARTHQUAKE MONITORING PROGRAM

9.1 - Introduction

Durin9 the three-month period 28 June to 28 September 1980, Woodward

Clyde Consultants conducted microearthquake recordin9 and analysis
to study seismicity in the vicinity of the proposed Devil Canyon and

Watana sites. The objective of the study was to collect microearthquake
data of val ue in assess in9 earthquake sources wi th in approx imate Iy

30 miles (48 km) of the sites. The data were used to calculate earth
Quake locations, focal depths, local Richter -:lagnitudes (M L), and

first-motion plots that could be interpreted with respect to regional

and local geologic features, tectonic models, and historical seismicity.
These results have been combined with seismic geology results to assess
the se i sm ic des ign bases for the Project. These resu Its wi 11 a1so be

used to plan a program of long term seismic monitoring.

This section describes the installation and operation of the short-term
microearthQuake recording system and the analysis of the data therefrom.

The detailed installation, operation, and maintenance procedures carried
out in the field are described in Appendix B, and the catalog of micro
earthquake data is listed in Appendix D.

9.2 - Network Operation and Data Analysis

During the period 25 June to 4 July 1980, ten seismograph stations were

installed around the Watana and Devil Canyon sites, at the locations

shown in Figures 9-1 and B-1. Three stations were subsequently moved in

late August 1980 to increase coverage in a section .If the southern
microearthquake study area (Table B-1; Figures 9-1 and B-1). Data

from eight of the ten stat ions were telemetered into the Watana Base
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Camp (telemetry paths are shown in Figure B-1) where seismographs con

tinuously recorded data on smoked drum recorders. Two of the ten

stations recorded data at their respective field sites and required

servicing every other day by helicopter. This station configuration and

instrumentation provided a reliable field operation and produced a

high-qual ity data set. The seismic records were read at the field camp

and 1oca1 earthquakes were located wi th a portab 1e microcomputer. The

field data analyses provided the latitude, longitude. depth of the focus,

and local Richter magnitude (ML) of each processed earthquake.

After the field season. the earthquakes were reprocessed by Woodward

Clyde Consultants using data analysis procedures described in Appendix B.

Final locations were cataloged as shown in Appendix D.

Between 28 June and 28 September 198O, a total of 268 earthquakes were

located within an area bounded by 62.3' to 63.3' north latitude. 147.5'

to 150.4' west long i tude, des ign ated the microearthquake study area.

Of these 268 earthquakes, 98 occurred below a depth of 19 miles (30 km)

depth in the dipping Benioff zone. and 170 occurred in the crust above

19 miles (30 km). In addition. a number of regional events were located

outs ide of the network boundaries. These earthquakes are shown along

with the local events in Figures 9-1 and 9-2. The accuracy of earthquake

locations is considered to be very good (within a few kilometers) for

those events that occurred within the network. but the accuracy of

location of earthquakes outside the network decreases as the distance

from the network increases. The detection level falls off by approx

imately one magnitude unit outside of the microearthquake study area

shown by the dashed box in Figures 9-1 and 9-2.

As discused in Section 4. the seismic activity in the site region

is associated with either the crustal zone of the Talkeetna Terrain or

with the Ben ioff zone di ppi ng to the northwest beneath the Talkeetna

Terrain. These two source areas will be used to discuss the micro

earthquake study results.
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9.3 - Crustal Earthquake Sources

Figure 9-1 presents a map view of all 170 local earthquakes and 27

regional events located abovp a depth of 19 miles (30 km), in relation

to the proposed Project and the seismometer network. Also shown

are the Denali fault and the si~nificant features identified in Section

8. Several aspects of the crustal seismicity are discussed below.

The magnitude of earthquakes shown in Figure 9-1 is Quite low, with the

minimum detection level at about magnitude (Ml) 1-1/4, as shown in

Figure g-3a. Earthquakes as small as magnitude (Ml) 0.0 were also

detected and located within the microearthQuake study area. The slope

of the frequency magnitude curve in Figure 3a is 1.48. This value is

I arger than is often observed in other tectonic regions and suggests

that there is an unusually large number of small earthquakes compared to

the number of larger events. The largest earthquake in the crust was of

magnitude (Ml) 2.8 and occurred approximately 7 miles (11 km) north

west of the Watana site on 2 July 198O.

Figure g-4 shows the rate of occurrence per day of located microearth

Quakes. Wh il e there is a da il y fl uctuat ion from 0 to 9 event s per

day, there does not appear to be any long-tenn variat ion during the

course of the three-months.

Apart from the two prominent clusters of microearthquakes that occurred

near station GRB, the seismicity is broadly distributed over the central

port ion of the microearthQuake study area. There do not appear to be

any lineations of microearthquakes suggestive of the presence of faults

with recent displacement. In addition, the seismic activity does not

appear to bear any relationship to the locations or orientations of the

significant features identified in Section 8.
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Several shallow earthquakes were located in the vicinity of the proposed

Project sites. As previously stated, a magnitude (MLl 2.8 earthquake
occurred approximately 7 miles (11 km) from the proposed Watana site on

2 July 1980 at 1042 Univeral Coordinate Time (UCT). Five smaller events
have also been located within 6 miles (10 km) of the Watana site (Figure

9-1). A magnitude (ML) 1.66 earthquake occurred within 3 miles (5 km)
of the Devil Canyon site on 12 September 1980 at 0428 UCT. In addition,
six smaller events occurrp.d in the Devil Canyon area (Figure 9-1).

The near-regional events shown in Figure 9-1 are included to point out
that the portion ,f the Talkeetna Terrain that contains shallow seis

micity is of limited extent. The level of activity falls off to the
west of stations HUR and CNL, to the north of the dashed-line boundary

of the microearthquake study area, and to t;,e east of stat ion WAC.
Although the resolution is decreasing to the south near 62' north
latitude, there appears to be continuing microseismicity. This general

area of seismic activity is geographically associated with the Talkeetna
Mountains.

Two clus~ers of microearthquake activity were observed during the
study period and are annotated in Figure 9-1. Figures 9-5 and 9-6 show
vertical cross-sections through the northern cluster and the southern
cluster, designated No.1 and No.2, respectively, indicating that these

are indeed localizations of activity. Cluster No.1 is comprised of

55 earthquakes, or almost one third of the total detected shallow
seismicity of the region, while cluster No.2 is comprised of 25 earth
quakes, or 15% of the total. The two clusters together contain 48% of

the total number of shallow events detected during the three-month

study period. As can be seen in Figures 9-5 and 9-6, there is a clear

separation between 8enioff zone seismicity and the two crustal clusters
of seismicity.

The sequence of events occurred in the following order: The first 44

identifiable cluster events occurred in cluster No. 1 beginning on
5 July 1980. The first earthquake identified with cluster No.2
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occurred on 18 August 1980. The last microearthquake associated with

cluster No.1 occurred on 16 September 1980, while the activity of

cluster No.2 continued to 25 September 1980. Because the network was

remG"ed by 28 Septembe~ 1980, it is not known whether act ivity in these

two clusters continued beyond that time. There doesn't appear to be any

ev idence, such as events migrating across the space between the two

clusters, to sugqest that there is a strong mechanical connection

between the two clusters.

The principal stress orientation and possible causative fault planes for

the crustal microearthquake activity have been investigated using first

mot ion plots. The tw,o cluster's of events are the most 1ikely to have

coherent compos i te mechan isms. The dat a and interpret at ion of c1US ter

No.1 are shown in Figure 9-7. The sense of P-wave first motion for

each earthquake seems to be fairly consistent. Two possible planes of

motion exist, one striking N23'E with a dip of 50' to the northwest, and

the other striking N17'W with a dip of 48' to the northeast. The

maximum compressive stress axis (P) and maximum tensile stress axis (T)

are also shown.

From the fault plane solution alone, it is difficult to determine which

of the two planes is parallel to the actual fault direction. On

the basis of geologic structural trends, the plane most likely to be

parallel to actual movement is probably the one striking N23'E. The

interpretation of movement along this plane is one of thrusting with a

rightlateral component of displacement. The maximum compressive stress

is oriented almost east-west, with little or no plunge. The N23'E plane

is also the one with strike most similar to the Susitna lineament and

Talkeetna thrust fault, as shown in Figure 9-1. However, the dip of the

N23'E plane is to the northwest; if the plane were projected to the

ground surface, it wou 1d 1i e substant i ally to the southeast of the

cluster and the two surface features. Thus, cluster No.1 does not seem

to be related to either the Susitna lineament or the Talkeetna thrust

fault.
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For cluster No.2, a focal mechanism plot was also made, but no consistent

motion could be ascertained from the data (Figure g-7). It appears

that all the stations in Figure 9-7 show both compressive and dilata

tional first motion. This suggests that the mechanism of faulting has

fluctuated locally over a geologically brief period. Such fluctuations

are not uncommon during swarms of microearthquakes.

Two additional, less spatially grouped composite focal mechanisms were

plotted. Figure 9-8a is for four events located to the west-northwest

and within 6 miles (10 km) of station S8l. The mechanism is not fully

consistent with, and is not well-constrained by the first-motion. The

maximum compressive stress is oriented west-northwest/east-southeast,

and the style of faulting is normal faulting with substantial oblique

displacement. The events in Figure 9-8b are taken from many locations of

the microearthquake study area (Figure 9-1). These seven events also

show west-trending compression, but the style of faulting is oblique

reverse.

In genera1, the cru sta1 earthquake act iv i ty seems to be caused by an

east-west or west-northwest/east-southeast oriented compressive stress

acting on the region. This activity does not appear to be related to

recognized faults or lineaments. The activity is representative of

minor adjustments within the crust.

To further assess the possible relationship between the identified

significant features or other geologic features and the crustal micro

earthquake activity, a cross-section (line C-C' shown in Figure 9-9) was

plotted. The activity was projected on a northwest-trending plane (line

C-C'), thus optimizing the view of the Benioff zone and also looking

along the strike of the larger faults and lineaments of Figure 9-1. The

only suggestion of a vertical distribution of activity lies above

cluster No 1; this appears to be a fortuitous lineation based upon a few

scattered events to the northeast being superposed on the cluster. The

region marked aseismic front is discussed in Section 9.4.
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A preliminary assessment of the largest earthquake that could occur in

the site region without causing surface rupture has been made by compar

ing the characteristics of the site region with those of coastal Cali

fornia (a seismically active region). In coastal California, seismicity

data suggest the crust is approximately 3 to g miles (5 to 15 km) thick

and that small to moderate earthquakes (magnitude (ML) greater than 3

to 4) occur in zones associated with faults with recent displacement

(McNally, I978; McNally and Hadley, 1978). Earthquakes smaller than

magnitude (ML) 3 to 4 tend to have a random spatial distribution.

In the site region the zone of crustal seismicity appears to be thicker

than that of coastal California, i.e., 5 to 12 miles (8 to 20 km) versus

3 to 9 miles (5 to 15 km) respectively. The thicker brittle crust of

the Talkeetna Terrain thus sU9gests that sc~ewhat larger earthquakes, up

to magnitude (ML) 5-1/2, may occur without association with surface

faults with recent displacement. Such lower crustal events would be

constrained to rupture planes deeper than about 6 miles (10 km).

Earthquakes larger than these (larger than magnitude (ML) 5-1/2),

wou 1d be ex pected to have rupture d imens ions and di sp1acement s 1arge

enough to produce evidence of surface fault displacement in recent

geologic time.

9.4 Benioff Zone Seismicity

The existence of a subcrustal zone of seismicity is clearly demonstrated

in Figure 9-9. The deeper zone dips in the direction of approximately

N45'W at an angle of 20'. The depth of 19 miles (30 km) separates the

crustal zone from the deeper seismicity; the map view of the deep zone

is shown in Figure 9-2. A total of 98 subcrustal events were located

with in the microearthquake study area shown in Figure 9-2. An add i

tiona1 16 earthquakes were detected and located to the south of the

microearthquake study area. The event select ion procedures (discussed

in Appendix B) excluded very deep activity to the west and north of the

microearthquake study area. Several aspects of the Benioff zone are

discussed below.
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The spatial distribution in Figure 9-2 is comparatively uniform, with no

prominent 1ineations or clusters. The eastern extent of the Benioff

zone is stron9ly defined near 148' west longitude.

It is clear by inspection of Figures 9-1, 9-2, and 9-9 that the Benioff

zone is characterized by much more frequent larger microearthquakes than

is the shallow crustal zone. Thirteen Benioff zone earthquakes were

assi9ned a ma9nitude (Mt.) of 3.0 or larger, the largest of which had a

ma9nitude (ML) of 3.68 and occurred on 13 July 1980, at 0557 UCT beneath

station GRB. The magnitude frequency distribution for the Benioff zone

is shown in Figure 9-3b. The b-value of 0.68 is comparable with that

observed in many areas worldwide.

The frequency of occurrence of larger events (maqnitude (ML) ~ 3.5)

during the three-month study was low, based on the numbers of smaller

events; one event of magnitude (ML) 4-1/2 would have been expected

based on Figure 9-3b. The contrast in level of seismicity in the

crustal and Benioff zones shown in Figures 9-3a and 9-3b is consistent

with the historical difference noted in Section 4.3 with the Benioff

zone being about an order of magn itude more act ive than the crustal

zone.

The cross-section of Figure 9-9 is perpendicular to the N45'W strike

direction of the Benioff zone as determined by Agnew (1~8O). This view

of the microearthquake data shows the Benioff zone t~1 be a very thin

seismic region, averaging about 6 miles (10 km) thick with a maximum

thickness of about 9 miles (15 km).

The Benioff zone seismicity appears to become more .losely related to

the crustal zone to the southeast of the line markec aseismic front in

Figure 9-9. The aseismic front may be associated with an aseismic belt

in the crustal zone, as noted in other subduct ion zones. For example.

Yoshii (1975) noted that the boundary between the aseismic mantle and

the high 1y ac t ive reg ion adj acent to the trench, wh ict: he named the

"aseismic front," seems to be common to most Benioff zones. The zone of
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high seismicity on the trench side of the front s~ems to be associated

with high Q (described in Section 9.5) and high seismic velocities

according to Yoshii (1975). Yamashina and others (1978) show that the

aseismic front can be defined by microseismicity as well as by large

earthquakes. Yoshii (1975) defined the aseismic front to be a dis

cont i nu ity in the se i sm ic i ty of the mant1e. However, Yamash i na and

others (1978) have also discerned a similar phenomenon in the crust

between the volcanic front and the aseismic front in Japan, which they

name the aseismic belt. They bel ieve this feature is typical of most

island arcs and cite the Aleutian arc as one example.

The aseismic belt is an area several tens-of-miles (tens-of-kilometers)

wide with low to non-existent shallow seismicity, explained as a mechan

ically unstrained area (Yamashina and others, 1978, in Figure 3, p.

5448) in the crust. Geodimeter traverse surveys and strain measurements

in Japan s~~w that this zone under90es extension perpendicular to

the trench, perhaps due to a minor inl and upl ift produced by partial

decoupl in9 between the crust and the SUbducting plate. This unstrained

region is limited to shallow depths in the crust (Yamashina and others,

1978). Earthquakes that may occur in this zone do not seem to be caused

by the same stress regime as in the sUbducting pl ate or trenchward of

the aseismic front.

For the site region, the apparent aseismic front is located southeast of

the Project at approximately the 28-mile (45-km) dept~ interval of

Pacific Plate SUbduction (Figure 9-9). The aseismic be"it is located

about 6 miles (10 km) southeast of the Watana site. Th€~c two features

were predicted for the Alaskan subduction zone by Yamashina and others

(1978) but have not been reported prior to this study.

In order to assess the stress regime acting within the Benioff zone,

first-motion projections were prepared both for single events as well as

for composited groups of events (the methodology is discussed in Appen

dix B). In order to maximize reliability, only the larger events were
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considered in this study. The most prevalent mechanism, both for

single events and for composited events, is shown in Figure 9-10a.

Seven events fit the same mechanism. The minimum compression (T) axis

dips at 30' to the northwest, and the direction of maximum compression

dips at 60' to the southeast. The fault planes of this mechanism

indicate either southeast-dipping, very shallow, normal faulting or

steep, northwes t-d i ppi ng , normal tau It i ng . The latter is more reason

able physically and suggests that the Benioff zone is breaking up by

faulting due to down-dip gravitational sinking. Down-dip extension was

also noted by Bhattacharya and Biswas (1979), on the basis of studies of

larger regional earthquakes. There is no apparent spatial pattern to

the events composited in Figure g-10a.

An additional composite mechanism fits three events and is shown in

Figure 9-10b. A more obI ique style of movement is suggested here.

The P and T axes are horizontal and vertical, respectively. The fault

planes are compatible with either gravitational sinking or low-angle

compression, although the former mechanism is more consistent with the

mechanism plotted in Figure 9-9a.

On the bas i s of foca I mechani sm and hypocenter data, it appears mos t

consistent to consider the seismicity of the subducting plate beneath

the mi croearthquake study area to be occurr i ng in the inter ior of the

dipping plate and not along its upper or lower surfaces. Dip-slip

movement in SUbducting slabs has been attributed to simple unbend

ing of the plate (Yoshii, 1979) and also to gravitational sinking

(Yoshii, 1979; Sleep, 1979).

Because there are no physically observed geologic data, such as fault

lengths and displacements, that can be used to assess preliminary

maximum earthquake magnitudes in the Benioff zone, constraints must be

inferred from the seismologic data and tectonic model for the region.

The thinness of the Benioff zone and the evidence for internal deforma

t ion rather than interplate thrusting suggest that, in the subcrustal
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region beneath the Project sites, the largest physically realizable

earthquakes would have fault rupture dimensions on the order of 9 miles

by 62 miles (15 km by 100 km). These dimensions correspond to earth

quakes in the magnitude (M s ) range of 7 to 7-1/2 (based on other

historical earthquakes worldwide and on relationships such as those of

Wyss (1979».

The considerations discussed above suggest that a prel iminary maximum

credible earthquake of magnitude (Ms ) 7 to 7-1/2 could be associated

with the deeper position of the Benioff zone below the Project sites.

Larger earthquakes on the Benioff zune, such as the 1964 Prince William

Sound event of magn itude (Ms ) 8.4, are earthquakes as soc i ated with

thrust fault rupture that usually occur along the Benioff zone below and

trenchward of the crustal aseismic belt. However, the significance of

the zones of low seismicity in the crust (Section 9.3) and the subduc

tion zone (Section 4 and Figure 4-2) is not fully understood. At

present it is theoretically possible to postulate that large interplate

earthquakes could occur as close to the Project sites as the aseismic

front shown in Figure 9-9. This is a closest distance of 31 miles

(50 km) and 40 miles (65 km) to the Watana and Devil Canyon sites,

respectively.

9.5 - Comparison of Susitna Project Area Attenuation with That of

Comparable Tectonic Areas Worldwide

Anelastic Absorption (0)

Barazangi and Isacks (1971) determined a 0 value of 1000 for the wedge

of the overriding plate between the Tonga trench and the Tonga

ridge. Hasegawa and others (1979) found a simil~r value in the region

oceanward of the aseismic front in northern Honshu and a val ue of 350

for the remaining region between the aseismic front and the volcanic
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front, which overl ies the subducting plate in the depth range 31

to 62 miles (50 to 100 km). This region is equivalent to that beneath

the Project sites.

The Q value of 350 contrasts strongly with the value of 1000 landward

of the volcanic front in northern Honshu. The tentative assignment of

a Q value of 350 for the region below the Project sites is compatible

with the rel at ively low attenuat ion of shear waves observed in the

neighboring Skwentna region to the southwest by Davies (1975).

Decay of Acceleration Amplitudes with Distance

Japanese accelerograms recorded at large distance (31 to 62 miles

(50 to 100 km)), measured from rupture zones with depths of at least

12 miles (20 km), show acceleration values that are considerably

1arger than those from shallow earthquakes at s imil ar distances in

Cal ifornia (Woodward-Clyde Consultants, 1978). The sparse Japanese

groundmotion data for shallow earthquakes are in closer agreement with

the California data than with the Japanese data from deeper sources.

The Alaskan data, which are sparse for both shallow and deeper events,

are neverthe1ess cons i s tent wi th differences imp1i ed by t he Japanese

data. This suggests that a real difference in ground motions

does exist for earthquakes of equivalent magnitude but different

depth. This difference could be caused by: (a) differences in focal

mechanism (radiation pattern); (2) dynamic and static fault parameters

(slip velocity, rupture velocity, stress drop); (3) anelastic absorp

tion (Q) of the travel path; (4) geometrical spreading or focusing due

to path structure; (5) size and d i str ibut ion of heterogenei ties; or

possibly other reasons.

A detailed examinat ion of the causes of the difference in ground

mot ion ampl itudes is beyond the scope of the present study. It is

therefore assumed for the present purposes that worldwide strong
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•

•

•

motion data from deeper Benioff zone events are appropriate for
use in est imat i ng ground mot ion parameters for ana1ogous eventsin

Alaska.
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10 - RESERVOIR-INDUCED SEISMICITY (RIS)

10.1 - Introduction

The objective of this part of the investigation is to make a preliminary

evaluation of the potential for the possible future occurrence of

reservoir-induced seismicity (RIS) in the vicinity of the proposed

reservoirs. Reservoir-induced seismicity is defined here as: the

phenomenon of earth movement and resultant seism;city that has a spatial

and temporal relationship to a reservoir and is triggered by nontectonic

stress.

In the early 1940s in a study of Hoover Dam in the United States

(Carder, 1945), a relationship was first recognized between the level

of water impounded by a dam and the rate of occurrence of local earth

quakes. Since that time, similar relationshjps have been reported for

63 other reservoirs around the world. A review of these reported cases

(Packer, Lovegreen, and Born, 1977; Packer and others, 1979) has

resulted in 55 cases being classified as either accepted or questionable

cases of RIS. These 55 cases are included in Table 10-1 and are plotted

as a function of water depth and volume in Figure 10-1.

Several reservoir-induced seismic events (at Kremasta, Greece; Koyna,

India; Kariba, Zambia-Rhodesia; and Xinfengjiang, China) have ex

ceeded magnitude (Ms ) 6. Damage occurred to the dams at Koyna and

Xi nfengj i ang, and add i tiona1 property damage occurred at Koyn a and

Kremasta.

Recent studies of the occurrence of RIS (Simpson, 1976; Packer, Love

green, and Born, 1977; Withers, 1977; Packer and others, 1979) have

shown that RIS is influenced by the depth and volume of the reservoir,

the fill ing history of the reservoir, the state of tectonic stress in

t~e Shallow crust beneath the reservoir, and the exi;ting pore pressures
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and permeabil ity of the rock under the reservoir. Although direct

measurements are difficult to obtain for some of these factors, indirect

geo1og ic and se i smo 1og ic data, together wi th observ at ions about the

occurrence of RIS at other reservoirs, can be used to assess the

potent ial for and possible effects of the occurrence of RIS at the

proposed Project reservoirs.

The scope of this study includes: (a) a comparison of the depth,

volume, regional stress, geologic setting, and faulting at the Devil

Canyon and Watana sites wi th the same parameters at comparab 1e reser

voirs worldwide; (b) assessment of the probability of RIS at the sites

based on the above comparison; (c) a description of the relationship

between reservoir filling and the length of time to the onset of induced

events and the length of time to the maximum earthquake; (d) discussion

of the significance of these time periods for the sites; and (e) a

preliminary assessment of the potential for landslides resulting from

RIS.

For this study, the two proposed reservoirs have been considered to be

one hyd;-ologic entity. The hydrologic influence of the two reservoirs

is expected to overl ap in the area between the Watana site and the

ups tream end of the Dev il Canyon reservo i r . Thus, from a hydro 1og ic

standpo i nt, they c an be cons idered as one reservo i r with a resu1t ant

potential for reservoir-induced seismicity. The combined reservoir will

be approximately 87 miles (140 km) long and will have the parameters

shown below based on U. S. Army Corps of Engineers (l978) data:

Devil
Parameter Canyon Watana Combined

Max. Water Depth 551 ft (168m) 725 feet (221m) 725 ft (221m)

Max. Water Volume 1.05xl06 9.62xl06 1O.67x106
acre fget acre fegt acre fget

(1296xl0 m3) (ll,876xl0 m3) (l3,I72xl0 m3)

Stress Regime Compressional Compressional Compres s i ona1

Bedrock Metamorphic Igneous Igneous
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The combined hydrologic body of water then wi 11 be a very deep, very

large reservoir within a primarily igneous bedrock terrain that is

undergo ing compress ional stress. For comparat ive purposes, a deep

reservoir has maximum water depth of 300 feet (92 m) or greater;

a very deep reservoir is 492 feet (150 m) deep or greater; a 1arge

reservoir has maximum water volume greater than lxl06 acre feet

(1234xl06m3), and a very large reservoir has a volume greater thar

8.1x106 acre feet (10,OOOx 106m3).

This part of the report is divided into three sections. The first

section (10.2) discusses the phenomenon of RIS and the relationships

among reservo i r impoundment, geo log ic cond i t ions, and the occurrence

of RIS. The second section (10.3) presents an assessment of the prob

abil ity of RIS occurrence at the Project. The third section (10.4)

discusses some implications of RIS occurrence for the Project.

10.2 - State-of-the-Knowledge in RIS

Theoret ic a1 ana I ys is of RIS, based on observ at ions of reported cases,

suggests two primary causal links between impoundment of a reservoir and

the occurrence of induced seismicity: increased stress below the

reservoir due to imposed reservoir load, and increased pore water

pressures due to hydraul ic head imposed by the reservoir, result ing in

loss of strength (Kisslinger, 1976). These models indicate that the

imposed stress and pore water pressure changes are generally very small

and are insufficient to initiate new fractures (Bell and Nur, 1978;

Withers and Nyland, 1978); however, where existing stress or pore

pressure levels are near failure, the imposed changes may trigger the

failure of existing fractures (Withers and Nyland, 197B; Zoback and

others, 1979). Accordingly, the occurrence of RIS should be related to

existing stress and pore pressure levels, which in turn may be related
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to such parameters as water depth, reservo i r vo 1ume, geo log ic sett i ng,

faulting, and regional stress. A discussion of each parameter follows.

The discussion is based on accepted and questionable cases of RIS. An

accepted case of RIS is defined as a reported case of RIS which has an

accepted spatial and temporal relationship of seismicity to impoundment

of the reservoir. A questionable case is one for which the temporal and

spatial relationship has not been confirmed.

Water De~

Data presented by Rothe (1969; 1970), Carder (1970), Gupta and others

(1972), Guha and others (1974), Gupta and Rast09i (1976),Stuart

Alexander and Mark (1976), Packer, Lovegreen, and Born (1977) and

Packer and others, (1979) suggest that water depth is a significant

parameter associated with RIS. The relationship of RIS to water

depth is plotted in Figure 10-1. These data indicate that as water

depth increases, the ratio of incidents of RIS to the number of

reservoirs increases. Water depth is important because, as water

depth increases, the load (and shear stress) imposed by a reservoir

increases, and the pore pressure would be expected to increase. These

increases in stress would, in certain tectonic settings, increase the

likelihood of RIS.

Reservoir Volume

Data presented by Rothe (1970), Gupta and Rastogi (1976), and Packer,

Lovegreen, and Born, (1977) and Packer and others (1979), suggest that

reservoir volume is important to RIS. The relationship of RIS to

reservoir volume is plotted in Figure 10-1. These data indicate that

as reservoir volume increases, the ratio of incidents of RIS to

the number of reservo i rs increases. Reservo i r vo 1ume is important

because, as volume increases, the total load (and shear stress)

impos~d by the reservo ir increases, and the pore pressure wou 1d be
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expected to increase. The add i tiona1 stres ses imposed as reservo i r

volume increases would differ in some instances from those imposed by

increasing water depth because, increasing reservoir volume typically

results in a total load increase over a large area (such as at

Kar i ba), whereas i ncreas ing water depth resu 1t s in a load increase

over a small area (such as at Vajont). The increase in stress

associated with increasing reservoir volume would, in certain tectonic

settings, increase the likelihood of RIS.

Geologic Setting.

Previous studies (Packer, Lovegreen, and Born, 1977; Packer and

others, 1979) have made assessments of the importance of bedrock type

to the occurrence of reservoir-induced seismicity. Bedrock type

includes a large number of variable factors (such as rock type,

fracture spacing, interconnection of fractures, degree of tightness of

fractures, stratification, hardness, strength, and weathering) which

infl uence the permeabil ity of bedrock. Because detailed data for

the factors described above generally are not available for most

reservoirs worldwide, bedrock type has been used to represent (albeit

indirectly) permeabil ity. Permeabil ity in turn is expected to

influence pore pressure changes.

Faultina

Faulting 1S acknowledged by Rothe (1969, 1970), Carder (1970), Gough

and Gough (1970), Gupta and Rastogi (1976), and Packer and others

(1979) to be an important parameter for the occurrence of RIS. There

has been a difference of opinion, however, among investigators

famil iar with RIS as to whether induced seismicity can occur along

inactive faults and fractures. Failure associated with RIS would

be expected to occur along faults or zones of weakness (fractures);

the difference of opinion is over whether or not impoundment of a

reservoir can create a state of stress such that significant seis

micity could be triggered on inactive faults and fractures.
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Data reviewed previously and during this study suggest that earth

quakes larger than approximately magnitude (Ms ) 5 have occurred at

reservoirs with faults that have recent displacement (Packer and

others, 1979) and that microearthquake activity and possibly events in

the magnitude (M s ) 4 to 4-1/2 size range have been associated with

fractures. Therefore, as discussed in more detail in Section 10.2.2,

it is considered unlikely that reservoir impoundment can trigger

large, potentially damaging earthquakes on inactive faults. Micro

earthquakes and possibly events in the magnitude (Ms ) 4 to 4-1/2

size range may occur along fractures.

Stress

Regional tectonic stress (and the associated type of faults with

recent displacement) is considered by many investigators to be an

important parameter associated with RIS (Snow, 1972; Gupta and

Rastogi, 1976; Gough, in press). As shown in Figure 10-2, theoretical

considerations suggest that RIS would be more likely at extensional

stress environments associated with normal faulting, somewhat less

likely at shear stress environments, and least likely at compressional

environments associated primarily with reverse or thrust faults.

Observations compiled by Packer and others (1979) suggest that RIS is

more likely to occur in shear stress environments, somewhat less

likely in extensional environments, and least likely in compressional

environments. Confidence in this relationship is tempered by uncer

tainties associated with defining a stress environment and by the

statistically small number of reservoirs available for evaluation.

In addition to the regional stress characteristics discussed above,

the state of stress can be a factor in RIS (Carder, 1970; Gough and

Gough, 1970; Adams and others, 1973; Gupta and Rastogi, 1976).

According to this concept, a reservoir located in a region that is in

10 - 6



a state of "critical stress" is more 1ikely to be subject to RIS than

is a reservoir in a region that is not in a state of critical stress.

The state of regional stress is difficult to describe, measure, or

evaluate, and its effect on RIS cannot be quantified. However, faults

with recent displacement can be used indirectly to assess whether a

region is in a state of critical stress. While critical stress is not

formally included in this study in evaluation of the potential for

RIS, it is used as a qual itat ive indicator that can be factored into

the jUdgment of the likelihood of RIS, taking into consideration the

presence or absence of faults with recent displacement within the

hydrologic regime of a reservoir.

10.2.1 - Temporal and Spatial Relationships

Temporal

A large variation has been observed in the time between commence

ment of reservoir fill ing and the occurrence of induced seismic

events. Considering all accepted cases of RIS (45), approxi

mately two-thirds (29) had the first occurrence of a suspected

RIS event during the first year after commencement of filling

(Figure 10-3). For 19 of these cases, the largest event also

occurred in the first year after filling (Figure 10-4). Consi

dering only deep, very deep, and/or very large reservoirs with

accepted RIS (27), approximately three-fifths (17) had the first

occurrence of a suspected RIS event during the first year (Figure

10-3), and of these 17, 11 had the largest event during the first

year (three of the remaining six occurred in the second year, the

other three within five years of impoundment).
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The relationship between magnitude of the largest RIS event and

time to occurrence of that event is shown in Figure 10-5. The

trend in Figure 10-5 indicates that, for deep, very deep, and/or

very large reservoirs, when the maximum magnitude event is

Ms < 5, the largest event has occurred within two years of

start of impoundment for 84% (16 of 19) of the cases. On the

other hand, when the maximum event is Ms 2. 5, the largest event

has occurred within two years of impoundment for only 50% (4 of

8) of the cases (Figure 10-5). Thus, the larger (and potentially

damaging) RIS events tend to occur several years after start of

impoundment. Evaluation of the time of the first RIS event ana

the time of the largest RIS event show no clear correlation. As

shown in Figure 10-6, there does not appear to be a relationship

or trend between these two occurrences.

The data in Figures 10-5 and 10-6 provide a means to obtain a

probabilistic distribution of magnitudes of the largest RIS

events. Of the 199 reservoirs with maximum water depth of 300

feet (92m) or 9reater, 26, or 13%, are accepted cases of RIS.

Thus, the 1ikel ihood that any deep or very deep reservoir will

experience RIS is estimated to be 0.1? Fig~re 10-7 shows how

this probability decreases with increasing maqnitude of the RIS

event. The probabi 1i ty of occurrence of RIS at a deep or very

deep reservoir with max imum mag,n itude (Msl of 3 or greater is

estimated to be 0.12, while the probability that it will occur

wi th max imum magn i tude (M s ) of 6 or greater is es t imated to be
0.015.

The probability of occurrence of later R1S decreases further if

no events occur during the first year after start of impoundment

(Figure 10-8). For example, the probability of RIS with magni

tude (Msl greater than 3 decreases to 0.045, while the prob

abil ity of RIS with magnitude (Msl greater than 6 decreases to
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0.008. !f no events occur during the first two years after

impoundment, the probabil ity of RIS decreases st ill further for
small events.

Spatial

Seismicity associated with reservoir impoundment occurs within

that portion of the crust under the reservoir's stress or hydro
logic influence. The size of the region of influence depends on

the size of the reservo i r and ex i st ing stress and hydro log ic
conditions. Theoretical studies, such as those of Withers (1977)
and Bell and Nur (1978) and a study of the reported locations of
earthquakes at cases of R!S (Packer and others, 1979), show that

the events are most likely to occur close to the reservoir.

Typically, RIS events occur within an area defined by a circle
about the center of the reservoir, whose radius is equal to the

longest dimension of the reservoir. Theoretically, the hydro
logic influence of a reservoir could extend across an area with a
rad ius three times as 1arge (W ithers, 1977). However, for long,

thin reservoirs such as the proposed Project reservoir, the

hydrologic influence of a reservoir theoretically can be con
sidered to extend across an area with a radius 3 times the

maximum width of the reservoir (Withers, 1977), rather than 3
times the longest dimension.

10.2.2 - Relationship to Fault Reactivation

If a fault has not had displacement during the current stress

regime, it is very unl ikely that impoundment of a reservoir can
induce large-magnitude seismic events along the fault. Theoretical
analyses of stresses caused by reservoir impoundment indicate that

insuff'cient stresses are concentrated to create any extensive new
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fractures in rock (Withers, 1977; Packer and others, 1979). The

stress increase or pore pressure change imposed by a reservoir
generally is very small and typically must act in coordination with

existing high tectonic stresses to induce failure along a fault.
It is unlikely that a fault which has not had displacement in the
current stress regime would be at a stress level close to failure.
Thus, it is un 1ike1y that impoundment of a reservo ir, with its

small effects, will trigger significant failure on such a fault. In
particular, the likelihood of inducing surface faulting, and asso
ciated mOderate-to-large earthquakes on such a fault, is considered
to be extremely low.

At least ten reservoirs have had induced seismicity with magnitudes

(M s ) of 5 or greater (Table 10-2). Becau. ~ induced seismic
events generally are very shallow (focal depths are typically less

than 6 miles (10 km)), it is 1ikely that the larger induced
events might be accompanied by surface fault rupture. Field

reconnaissance and information available in the literature indi
cates Quaternary or late Cenozoic surface fault rupture within the

hydrologic influence regime of eight of these ten reservoirs
(Packer and others, 1979). Insufficient information is available

to evaluate the recency of fault displacement at the other two
reservoirs, although on the basis of tectonic environments at those

two sites, the presence of faults with recent displacement is

considered to be likely (Packer and others, 1979).

Microearthquakes have been triggered by many reservoirs in areas

where faults with recent displacement had not been recognized.
One of the best-documented occurrences of th i s phenomenon is at

Monticello reservoir in South Carolina. In situ stress measure
ments made after reservoir impoundment suggest that the pore

pressure changes imposed by impoundment of Mont icello reservoir

could trigger failure on favorably-oriented joints or fractures
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(Zoback and others, 1979; Tall/ani, 1980). Thus, the stresses

and pore-pressure changes imposed by reservoir impoundment may be

sufficient to tri9ger microearthquake activity on some faults and

fractures that apparently have not had measurable displacement in

the current tectonic regime.

10.2.3 - Characteristics of a RIS Event

Several investigators, including Gupta and Rastogi (1976), have

suggested that "b" values from frequency-magnitude distributions

for RIS sequences may be different from those of naturally occur

ring earthquakes, and Long and Marion (1978) have suggested that

RIS events may have certain unique spectral characteristics. These

variations have been recognized for only a limited number of cases,

and their significance has not been demonstrated. Thus, on the

basis of available data, there appears to be little substantive

difference between the nature of induced seismic events and

nat~rally occurring earthquakes.

10.3 - Potential For Reservoir-Induced Seismicity (RIS) at the Project

Reservoirs

10.3.1 - Comparison with Worldwi(~ Data 8ase

Water Depth

The proposed Dev il Canyon-Watana reservoir will be among the

deepest in the world (Figure 10-1). Its currently proposed

depth will be the fourth deepest behind Nurek, Grand Dixence, and

Vajont. Among the very deep reservoirs in the world (of which

there are currently 37), 10, or 27%, have experienced RIS. Among

the reservoirs that are more than 656 feet (200 m) deep (of which

there are currently 7), 3, or 42%, have experienced RIS. All
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three of the reservoirs that are deeper than the proposed
combined reservoir have had induced events.

If the occurrence of reservoir-induced events is evaluated for a

set of reservoirs for which data are readily available, the fre

quency of very deep reservoirs among reported cases of RIS can

be estimated. Among the deep and very deep reservoirs, there are

28 reported cases of RIS. Of these, 10 are very deep, giving a

frequency of 0.36 among reservoirs having accepted RIS.

These data suggest that the deep water depth for the proposed

c~nbined reservoir should have a pronounced effect on the likeli

hood of RIS. Oepending on how the population of very deep reser

voirs is assessed, the likelihood of an induced event of any size

at the proposed combined reservoir ranges from 0.27 to 1.00.

Thus, the potent ial for RIS is high for this very deep reservoir

when water depth is considered as an independent parameter.

Volume

In addition to being among the world's deepest reservoirs, the

proposed Oev i 1 Canyon-Watana reservo ir wi 11 be among the worl d's

largest (in terms of vol ume). There are 59 reservoirs currently

with volumes greater than that for the proposed reservoir. Of

these, 8, or 13%, have been subject to RIS.

If the occurrence of reservoir-induced events is evaluated for a

set of reservoirs for which data are readily vailable, the fre

quency of very large reservoirs among reported cases of RIS can

be evaluated. Among the deep, very deep, and/or very large

reservoirs, there are 29 reported cases of RIS. Of these, seven

are very large, giving a frequency of 0.24 among reservoirs

having accepted RIS. Thus, the potential for RIS is high at the

proposed very 1arge reservo i r when vo Iume is cons idered as an
independent parameter.
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Stress Conditions

Theoretical models of RIS suggest that RIS occurrence may be more

likely under certain stress conditions than under others.

Figure 10-9 indicates the distribution for the strike-slip

(shear), normal (extensional), and thrust (compressional) types

of stress regime. The compressional stress curve is applicable

to the proposed Devil Canyon-Watana reservoir. The likelihood of

RIS occurrence at a deep reservoir in a compressional stress

regime is 0.14; this estimate is based on a comparison of the

number of deep reservoirs ~ith RIS in compressional environments

with those without RIS in compressional env ironments. The

likelihood that a RIS event of magnitude (Msl 5 or greater

~ill occur in a compressional environment is approximately 0.02

(F igure 10-9). I n contrast, the 1 ike 1 i hood of a magn itude

(Msl 5 RIS event at any deep reservoir, regardless of the

stress regime, is 0.015. This reflects a "conditional prob

ability" of RIS given that particular stress environment.

Geologic Conditions

The likelihood of the largest RIS events also varies according to

the rock type prevalent at a reservoir. Figure 10-10 is a plot

of occurrence of the largest RIS events for sedimentary, igneous,

and metamorphic geologic environments. The igneous geology

curve, with a 1ikel ihood of 0.12 for occurrence .of at least one

RIS event, is applicable to the proposed Devil Canyon-Watana

reservoir. The likelihood that a RIS event of magnitude (Msl 5

or greater ~ill occur is approximately 0.05.
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10.3.2 Evaluation of Potential Occurrence

Likelihood of Occurrence

Twenty-seven percent of all very deep reservoirs have had RIS.

Thus, the like'lihood that any very deep reservoir will experi

ence RIS is 0.27. However, the tectonic and geologic conditions

at any specific reservoir may be more or less conducive to RIS

occurrence. Models have been developed by Baecher and Keeney in

Packer and others (1979) to estimate the 1ikel ihood of RIS at a

reservoir, characterized by its depth, volume, faulting, geology,

and stress regime.

Two model s used here treat depth and volume as dependent vari

ables, while the other variables are assumed to be independent.

In one model, depth and volume are treated as discrete variables

(i. e., deep, very deep, large, very large), and in the other

model, depth and volume are treated as continuously dependent

variables (thus a specific depth/volume combination, such as

1B3m/10,000x106m3 is assigned). This approach was taken because

(chi-squared (x 2 )) tests of independence of these variables

suggest that water depth and volume may have a weak dependency

while other combinations of attributes are not dependent. The

relationship of water depth to volume is treated differently in

the two models because the degree of dependence between the two

variables apparently differs depending on how the variables are
considered.

In these models, conditional likelihoods are assigned to each

var i ab Ie on the bas i s of occurrence of RI S at reservo i rs with

that att~ibute. For example, the likelihood of RIS at a very deep

reservoir in a compressional stress regime is 0.50. These

attribute likelihoods are then combined using established
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statistical procedures to obtain a composite likelihood of RIS

for the particular characteristics of the reservoir of interest.

For the combined Devil Canyon-Watana reservoir, the likelihood of

occurrence of a RIS event of any size ranges from 0.29 to 0.9.

The statistica.l relationships used to obtain this likelihood are

discussed in Packer and others (1979).

The relatively high likelihood reflects the extreme depth and

volume of the reservoir. Only nine other reservoirs worldwide

out of a popul at ion of approx imately 11,000 are very deep and

very large and only one of these, Nurek, which has had RIS, is

both deeper and larger.

Because the Devil Canyon-Watana reservoir is among the deepest of

the very deep category, the likelihood of RIS is very high using

the continuous dependence model and somewhat lower using the

discrete dependence model.

The nuJdels from which these likelihoods are derived are prelim

inary. A sensitivity analysis indicated that the likelihoods

are very sensitive to changes in data classification, particu

larly among those deep reservoirs that are accepted cases of RIS

(Packer and others, 1979). Thus, the specific 1 ikel ihoods

obtained from these models must be used with caution. The depth

and volume of the proposed reservoir is among the settings most

1ikely to be subject to RIS, so the 1ikel ihood of occurrence

of RIS (including microearthquakes) at the Devil Canyon-Watana

reservoir is considered to be high.

Maximum Size

Reservoirs are believed to be a perturbation on the present

stress regime that can trigger an earthquake by means of a small
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incremental increase in stress or an increase in pore pressure as

discussed in Section 10.2. Thus, the reservoir triggers strain
release commensurate with that which a region can sustain within
the present stress regime. Careful study and evaluation of the

maximum credible earthquake for a region provides the upper bound
for the size earthquake that a reservoir can trigger. That is,

a reservoir cannot trigger an event larger than the maximum
credible earthquake because it is a small perturbation added to
the existing stress regime, not a major source of stress which

would generate earthquakes independent of the ex i st ing stress
regime.

An RIS event typically will be of lower magnitude than the

maximum credible earthquake (e.g., many of the maximum RIS events
are microearthquakes that are several orders of magnitUde smaller
than the maximum credible earthquake for a region). Because of
the limited influence of the reservoir on the existing stress

regime, the reservoir is unlikely to trigger the maximum earth

quake (unless stored stress is nearly sufficient for such a
failure), even though it may trigger failure along a fault.
Furthennore, a reservoir may trigger an earthquake before the
tectonic stress is built up to maximum event levels that would

trigger a large "naturally occurring" earthquake. In other
words, by reducing the strength of tectonically-stressed mater
ials, the reservoir may trigger an event that is smaller and that
occurs earlier than a naturally occurring event.

The reservoir may also have an impact on the location of the
"natura11 y occurr ing" earthquake. The reservo ir may tr igger the

"naturally occurring" event on a structure closer to (as well as
within) the reservoir than would otherwise occur.
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The RIS events have exceeded the earthquake that had been used
for design in several instances (e.g., Koyna). Review of these
cases suggests that thorough geologic and seismologic studies of
faults within the hydrologic regime of the reservoir would have
resu1ted ina max imum cred ib 1e earthquake at 1eas t as 1arge as
the RIS events occurring in the vicinity of the reservoir (Packer

and others, 1979). With these data, an appropriate design
earthquake and ground motions can be selected.

Location

As discussed 1n Section 10.2.2, reservoir-induced seismicity
occurs in the region under the influence of the reservoir's
hydrologic regime and stress. Because of the configuration of

the Devil Canyon-Watana reservoir, it can be modeled as a half

pipe at the top of a half-space as discussed by Withers (1977).

A qualitative review of this model indicates that increases in
norma 1 stres s are essent ially 1oc ali zed beneath the reservo ir.

Shear stresses have their greatest concentration beneath the
deepest part of the reservoir; however, their effects can extend
to depths and distances up to three times the width of the
reservoir (as measured from the center of the reservoir).

The typical width of the proposed Devil Canyon-Watana reservoir

is 0.6 to 1.9 miles (l to 3 km) with a section at Watana Creek
that will have a width of approximately B miles (13 km). Thus,

the maximum width of the combined reservoir will be B miles

(13 km) at one location. For the purposes of this investigation,

we have assumed that the average width of the combi~ed reservoir
is somewhat less than the maximum local width and larger than the
typical width. The average width of the combined reservoir

is assumed to be 6 miles (10 km). Thus, the hydrologic effect

of the combined reservoir can be inferred to extend vertically
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and horizontally a maximum distance of approximately 19 miles

(30 km). This volume. which includes the reservoir and an

envelope 19 miles (30 km) in radlus around the reservoir ver

t ica lly and hor i zonta 11 y, represents the max imum area of hydro

109iC influence of the reservoir. It is inferred that reservoir

induced events would occur within this space about the reservoir.

Temporal Relationships

As discussed in Section 10.2.1. most reservoir-induced events

occur within the first five years of impoundment. This relation

ship is appl icable primarily to reservoir-induced microearth

quakes. For larger events of magnitude greater than 5 (of

which there have been 10). 30% have occurred between 5 and 10

years after impoundment. including the Koyna event of magnitude

(M s ) 6.3. Consequently. a potentially damaging event (mag

nitude (Ms ) greater than 5) has a relatively high likelihood of

occurring up to 10 years after impoundment of the reservoir.

10.4 - Effect of RIS on Earthquake Occurrence Likelihood

The 1ikel ihood of RIS occurrence at the proposed Oevil Canyon-Watana

reservoir can be combined with the frequency-magnitude relationship for

naturally occurring seismicity in the Devil Canyon-Watana area to assess

the combined 1 ikel ihood of earthquake occurrence. However. this

approach generally assumes that. for earthquakes of magnitude (M s ) > 5

to occur, faults with recent displacement (capable of generating an

earthquake of th i s magn i tUde) are present wi th i n the hydro logic reg ime

of the reservoir (as discussed in Section 10.2.2). To date this

investigation has not identified any faults with recent displacement

within the hydrologic regime of the Devil Canyon-Watana reservoir.

although the results are prel iminary. Consequently. it is cons idered
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premature to assess the likelihood of RIS events of magnitude (M s ) > 5

until additional data are obtained on the recency of faulting in the

hydrologic regime of the reservoir during the 1981 field season (discus

sed in Section 14).

10.4.1 Implications of RIS for Method of Reservoir Filling

The occurrence of RIS events has most often been correlated with

rapid initial filling of a reservoir, especially with irregular

filling histories or rapid reservoir refill following major draw

downs (Packer and others, 1979). The precise relationship between

irregularities in the filling cycle and the occurrence of RIS

events is not well-documented in most cases. Furthermore, no

controlled experiments have been performed at reservoirs to vary

filling rates and examine the effect on seismicity. However,

detailed information is available on the correlation between

seismicity and filling rates for at least one reservoir--Nurek,

U.S.S.R.

Although impoundment at Nurek began in 1968, the first signifi

cant impoundment (to 328 feet (100 m)) took place between late

August and early November 1972. A step was made in the fill ing

curve late in September; following this step, seismicity increased.

Upon completion of the first stage filling cycle, seismicity

reached a peak with maximum magnitudes (M s ) of 4.6 and 4.3.

Seismicity between November 1972 and June 1976 broadly paralleled

changes in water level (Simpson and Negmatullaeu, 1978).

On the basis of this experience, it was recommended that second

stage filling resulting in a water depth of 656 feet (200m), be

accomplished by a smooth filling cycle wittl no abrupt slowdowns in

filling rate. Seismicity remained low during this fillirg until a

minor but rapid fluctuation in filling rate occurred in August

10 - 19



1976. Following this fluctuation, there was a pronounced increase

in seismicity, along with the occurrence of the largest event

reported to that time, a magnitude (M s ) 4.1 earthquake. It has

been impl ied that the increase in seismicity during this second

filling cycle may have been directly related to the sudden change

in rate of filling (Simpson and Negmatullaev, 1978; Keith and

others, 1979).

From this experience at Nurek, and from consideration of the

correlations between filling curves and seismicity for other cases

of RIS, it appears that sudden changes in water h leI and sudden

deviat ions in rate of water level change are commun triggers of

induced seismicity. A controlled, smooth filling curve, with

no sudden changes in filling rate, should be less likely to be

Jccompanied by induced seismicity than rapid, highly fluctuating

fillinq rates.

10.4.2 Potential for Landslides Resulting from Reservoir

Induced Seismicity

Any assessment of the potential landslides resulting from RIS

should be considered within the context of the overall potential

for landslides and rockfalls in the reservoir area. That is, the

potent i a1 for 1ands 1ides wh ich can be tr iggered by impoundment of

the reservoir by natural processes (such as freeze-thaw conditions)

as well as by RIS should be considered. Within this context, we

have considered the potential for landsl ides triggered by RIS by

making a preliminary assessment of whether in-situ conditions

suitable for landslides exist in a proposed reservoir area, and

whether earthquakes will reI ease enough energy to tr igger 1and

slides.

During this investigation, a very prel iminary assessment of land

slide potential has been made from remotely sensed data interpreta

tion, review of previous studies conducted for the project, and
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aerial and ground reconnaissance studies. On this basis, it is

concluded the potential exists for landslides to occur in the
reservoir area.

An RIS event occurring within the hydrologic regime of the reser

voir could trigger a landslide if the event occurred close enough

to a potential slide area and if it released sufficient energy to

trigger a slide. At this point in the investigation, the location

and size of an RIS event within the hydrologic regime of the

combined reservoir cannot be estimated with sufficient precision to

prov ide a meaningful assessment of where in the reservoir a 1and

slide could occur and how large an earthquake would be necessary to

trigger a landslide. However, the configuration of the Susitna

River valley is such that there appears to be little likelihood

that a large landslide (such as occurred at Vajont, Italy) would

occur in the proposed reservoir during an RIS event.
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TABLE 10-2

RESERVOIR-INDUCED SEISMIC EVENTS WITH MAXIMUM MAGNITUDE OF 5 OR GREATER l

Act ive FaultDam Reservoir MagnitUde Present 2

Koyna Shivaji Sagar Lake 6.5 Yes 3

Kariba Lake Kariba 6.25 Not obtained'

Kremasta Lake Kremasta 6.3 Yes 3

Xinfengjiang Xinfengjiang 6.0 Yes

Marathon Lake Marathon 5.75 Not obtained'

Orov ill e Oroville Reservoir 5.7 Yes

Coyote Valley Lake Mendocino 5.3 Yes

Benmore Lake Benmore 5.0 Yes 3

Eucembene Lake Eucembene 5.0 Yes 3

3Hoover Lake Mead 5.0 Yes

•

Notes: 1.
2.

3.
4.

Data Source: Packer and others (1979).
Active faults are those defined as having displacement
in the present tectonic stress regime.
Determination is based on field reconnaissance studies.
The presence of an active fault has not been obtained
but is considered probable because of the tectonic
setting.
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11 - PRELIMINARY MAXIMUM CREDIBLE EARTHQUAKES (PMCEs)

The approach to estimating the maximum credible earthquakes in a region,

and thereby to establishing a basis for estimating the ground motion at
a specific site, is based on the premise that significant earthquake

activity is associated with faults with recent displacement. The evalu
ation of the maximum credible earthquake, which may be associated with a

given fault, is closely related to the geologic and seismologic setting
of fault activity in the region of the site. Therefore, it is necessary

to identify the characteristics of the faults with recent displacement

in order to assess their seismic source potential. For this study,
the only faults accepted as having had recent displacement within or
adjacent to the site region are the Denali fault and the Castle Mountain

fault. The Benioff zone passes at depth beneath the site and is also
considered to be a potential seismic source.

For this investigation, selection of maximum credible earthquakes for

faults with recent displacement and the Benioff zone is considered pre

1iminary. Consequently, the maximum earthquakes estimated for these

faults and the Benioff zone are designated as preliminary maximum cred
ible earthquakes (PCMEs) and are subject to revision during addi

tional studies. Because the method of estimating these PCMEs is conser
vative (as discussed below), any revisions is expected to result in a

maximum credible earthquake of lower or equal magnitude than that
estimated to date from available data.

The results of the investigation to date indicate that no faults within

the Talkeetna Terrain have had recent displacement. Consequently, it is

inappropriate at present to consider formally PMCEs for faults within

the Talkeetna Terrain. The methods used to estimate PMCEs are briefly

summarized below and the fault rupture length methodology used for
the Denal i and Castle Mountain faults is discussed in more detail in

Appendix E. It is recognized that these methods may lead to excessively
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large earthquakes being hypothesized as PMCEs. However, for purposes of
evaluating project feasibility, the methods are considered to provide a

reasonably conservative estimate of PMCEs for a given source.

11.1 - Distant Sources outside the Talkeetna Terrain

11.1.1 - Sources Outside the Talkeetna Terrain

The PMCEs for sources outside the Talkeetna Terrain, such as the

Aleutian Trench or the F~irweather fault, are not of significance
to the Project because of the distance of these faul ts from the

Project and because of the presence of seismic sources such as the
Denal i-Totschunda fault system and Benioff zone which are closer

to the Project. Even if it is assumed that a magnitude (Msl B.5
event could occur on a known seismic source outside the Talkeetna
Terrain, the resultant ground motions would be significantly less

than those for the Denali fault. Consequently, PMCEs associated

with seismic sources outside of Talkeetna Terrain have not

been considered further for this investigation.

11.1.2 - Talkeetna Terrain Boundary Sources

Estimates of PMCEs have been made for three of the boundaries of

the Talkeetna Terrain. These boundary sources are the Denal i
Totschunda fault system to the north and east, the Castle Mountain

fault to the south, and the Benioff zone at depth. Because no
sing 1e br i tt 1e deformat ion featur e forms the boundary to the wes t

(as di scussed in Sect ion 5), no PMCE has been est imated for that

boundary.

The PMCE for the Denali-Totschunda fault system is estimated to be

a magnitude (Msl B.5 event. This estimate is based on the
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assumptions that: as much as one third of the l,250-mile (2,000

km) length of the fault system could undergo displacement during a

single event (as discussed in Appendix E.21 and, the style of

movement on the Denali fault during the earthquake would be one of

strike-slip displacement.

The PMCE for the Castle Mountain fault is estimated to be a

magnitude (Ms ) 7.4 event. This estimate is based on the assump

tions that: the entire observed length of the fault system

could undergo displacement during a single event; and, movement on

the fault during the earthquake would be one of Oblique-reverse

sl ip.

The PMCE for the Benioff zone is estimated to be a magnitude

(Ms ) 8.5 event. This estimate is based on the assumptions that:

the 1964 Prince William event of magnitude (Ms ) 8.4 represents

approx imate1y the 1arges t event that c an occur on the Ben ioff

zone; and, a magnitude (M s ) 8.5 accommodates uncertainties in

magnitude (Ms ) for this size event.

The PMCE for the Oenal i-Totschunda fault system, should it occur

at the closest approach of the fault system to the Project sites

would occur at least 40 miles (64 km) from the sites. The PMCEs

for the Castle Mountain fault and the Benioff zone would occur at

least 65 miles (105 km) and 34 miles (50 km) from the sites,

respectively. These are the closest seismic sources considered to

have the potential of generating a PMCE of greater than magnitude

(Ms ) 5.



assl6llptions that: as much as one third of the l,250-mile (2,000
kml length of the fault system could undergo displacement during a
single event (as discussed in Appendix E.2l and. the style of
movement on the Denali fault during the earthquake would be one of
strike-slip displacement.

The PMCE for the Castle Mountain fault is estimated to be a
magnitude (Msl 7.4 event. This estimate is based on the assump
tions that: the entire observed length of the fault system
could undergo displacement during a single event; and. movement on
the fault during the earthquake would be one of oblique-reverse
slip.

The PMCE for the Benioff zone is estimated to be a magnitude
(Msl 8.5 event. This estimate is based on the assumptions that:

the 1964 Prince Will iilll event of magnitude (Ms ) B.4 represents
approximately the largest event that can occur on the Benioff
zone; and. a magnitude (Msl 8.5 accommodates uncertainties in
magnitude (Msl for this size event.

The PMCE for the Denal i-Totschunda fault system. should it occur
at the closest approach of the fault system to the Project sites
would occur at least 40 miles (64 km) from the sites. The PMCEs

for the Castle Mountain fault and the Benioff zone would occur at
least 65 miles (105 km) and 34 miles (50 km) from the sites.
respectively. These are the closest seismic sources considered to
have the potential of generating a PMCE of greater than magnitude

(Msl 5.
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11.2 - Effect of Reservoir-Induced Seismicity on the Preliminary Maximum
Credible Earthquakes

The hyuro10gic effects of the impounded reservoirs are postulated to
influence an elliptical shaped area that extends 19 miles (30 km) around
the perim~ter of the proposed Watana-Devi1 Canyon reservoir as discussed
in Section 10. Tne reservoir will not affect consideration of PMCEs
along faults outside the hydrologic regime of the reservoir, including
the Denali and the Castle Mountain faults and the Benioff zone.

For faults and possible faults within the hydrologic regime of the
reservo i r, the i nfl uence of a reservo iris be1ieved to be 1im ited to

that of a triggering mechanism (as discussed in Section 10). For moder
ate to large earthquakes (magnitude (Ms ) ) 5), reservoirs with accepted

cases of RIS are not known to have triggered events larger than could
have occurred naturally along faults with recent displacement. There
fore, the effect of RIS on faults within the hydrologic regime of
the proposed Watana-Devi1 Canyon reservoir cannot be adequately assessed

until additional geologic data are obtained on the significant features
(discussed in Section 8-5).

If subsequent studies show one or more of the significant features is a

fault with recent displacement (with a defined recurrence interval
and displacement), a maximum credible earthquake can be estimated fer
that fault. The effect of RIS is expected to be limited to decreasing
the recurrence interval of such an earthquake. The 10cat ion of the

earthquake is also expected to be constrained to the section of the
fault lying within the hydrologic influence of the reservoir. RIS

would not be expected to increase the size of a maximum credible earth
quake estimated for a fault with r~cent displacement.
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12 - PRELIMINARY GROUND MOTION STUDIES

The objective of the studies described here is to develop prel iminary
estimates of the characteristics of ground shaking at the Watana and
Devil Canyon sites resulting from preliminary maximum credible earth
quakes on the known faults with recent displacement in the site region.
The ground-motion characteristics addressed in this section include peak
horizontal ground acceleration, response spectra, and duration of strong
ground shaking.

The known faults with recent displacement are the boundary faults of the
Talkeetna Terrain: the Denali fault, located north of the sites; the
Castle Mountain fault, located south of the sites; and the Benioff zone

which underlies the site region at depth. The closest distances of
these faults from each site and the preliminary maximum credible earth
quake magnitudes for the faults are the following.

Prel iminary Closest Distance of Fault
Maximum Credible to Sit~t

Fault Earthguake Magnitude Watana Devil Canyon
Denali 8.5 70 64

Castle Mountain 7.4 105 115

Benioff Zone 8.5 50 60

Lineaments or faults in the Talkeetna Terrain are not addressed in these
studies because these features are not currently known to have been
subject to recent displacement. If the future seismic geologic studies
identify any of these features to be faults with recent displacement,
then ground motions associated with such faults should be evaluated.

12 - 1



12.1 - Methodology for Estimating Earthquake Ground Motions

12.1.1 - Peak Ground Acceleration

Woodward-Clyde Consultants (1978), Idriss (19781, Crouse and Turner

(19801, and ongoing studies at Woodward-Clyde Consultants indicate

that ground motions from 8enioff zone (subduction zone) earthquakes

have different characterist ics than ground mot ions from shallow

focus crustal earthquakes. The est imates of peak acce1erat ion for

8enioff zone earthquakes were based primari lyon the attenuation

relationship developed from statistical analysis of recorded strong

motion data from worldwide historic 8enioff zone earthqwakes;

these analyses were conducted primarily during a previous general

analysis of ground motions in Alaska (Woodward-Clyde Consultants,

1978). The data used in that study cons isted of strong mot ion

recordings from subduction zone earthquakes in Japan and South

America, as very few such data are available from Alaska. During

the present study, the 1imited data from Alaska were examined and

found to be reasonably consistent with the results of the previous

analysis.

For shallow crustal earthquakes, peak acce1erat ions were selected

by examining recoroed rack-site data for such earthquakes and

published attenuation relationships and ongoing ground-motion

studies of Woodward-Clyde Consultants. The app1 icab1e data

examined are primarily from California, with a few data points from

Alaska. The limited Alaskan data were found to be reasonably

consistent with the ather data used. The published attenuation

relationships examined in estimat ing peak accelerations included

Schnabel and Seed (19731, Seed and others (l9761, Idriss (19781,

and Seed (1980 I.

Peak horizontal ground acceleration values were estimated for the

preliminary maximum credible earthquake on each of the faults. The
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assumption was made that this earthquake would rupture the fault at
the point on the fault closest to the sites.

12.1.2 - Acceleration Response Spectra

Acceleration response spectra for the sites were estimated using
spectral shapes appropriate for the preliminary maximum credible
earthquake magn itudes and distances of the earthquakes from the
sites. These spectra 1 shapes were based on cons iderat 'ions and
ana1yses s imil ar to those descr i bed above for peak acce1erat ion.
The references cited indicate that spectral shapes, as well as peak
acceleration, differ for Benioff zone versus shallow focus crustal

earthquakes. The selected spectral shapes were scaled with the
corresponding peak horizontal ground acceleration described above

to develop the acceleration response spectra.

12.1.3 - Duration of Strong Ground Shaking

The duration of strong ground shaking (significant duration) was
estimated primarily on the basis of results presented by Dobry and

others (1978). In that study, significant duration is defined as
the time dur ing wh ich from 5 to 95 percent of the energy of an
accelerogram is developed. The significant durations obtained
by Dobry and others (1978) using this definition are not much

different than durations proposed by other investigators using

different definitions of significant duration.

12.2 - Preliminary Estimates of Earthquake Ground Motions

Est imated mean (average) va 1ues of peak horizonta 1 gro'md acce1erat ions
at each site resulting from preliminary maximum crediblE, earthquakes are

the following:
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Mean Peak Horizontal Ground Acceleration
Watana Slte Devl! Canyon SlteEarthquake Source

Denal i Fault
Castle Mountain Fault

Benioff Zone

0.21 g

0.06 g

0.41 g

0.21 g

0.05 g

0.37 g

As may be seen by comparison of these mean peak horizontal acceleration
values, the Benioff zone and the Denali fault govern the ground motion

levels estimated for the sites; the site ground motions due to the
Castle Mountain fault are relatively small. For the Benioff zone and

the Denali fault, the estimated mean acceleration response spectra for a
damping ratio of 0.05 are illustrated in Figure 12-1 f~r the Watana site

and in Figure 12-2 for the Devil Canyon site.

The durat ion of strong ground shak ing at the sites was estimated to be

45 seconds for prel iminary maximum credible eart'hquakes on both the

Benioff zone and the Denali fault.

In summary, the results of these preliminary stuuies indicate that, of
the known faults with recent displacement in the site region, the

Benioff zone is expected to govern the levels of peak horizontal ground
acceleration, response spectra, and duration of ground shaking.
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13 - CONCLUS10NS

Two sets of conclusions have been drawn from the results of the inves

tigation conducted to date. One set, designated feasibil ity conclus

ions, are those considered important to evaluate the preliminary

feasibility of the Project. The second set, designated technical

conclusions, are those related to the scientific data collected.

Both sets of conclusions are discussed below and form the basis for the

proposed 1981 study plan (Sect iOI; 14).

13.1 Feasibility Conclusions

(a) No faults with known recent displacement (displacement in the last

100,000 years) pass through or adjacent to the Project sites.

(b) The faults with known recent displacement closest to the Project

sites are the Denali and Castle Mountain faults. These faults, and

the Benioff zone associated with the subducting Pacific Plate (at

depth below the Project site), are considered to be accepted

seismic sources.

(c) Preliminary maximum credible earthquakes for the Denali and Castle

Mountain faults and the Benioff zone have been estimated as a:

magnitUde (M s ) 8.5 earthquake on the Denal i fault occurring 40

miles (64 km) from the Devil Canyon site and 43 miles (70 km) from

the Watana site; magnitUde (M s ) 7.4 earthquake on the Castle

Mountain fault occurring 65 miles (105 km) from the Devil Canyon

site and 71 miles (115 km) from the Watana site; and magnitUde

(M s ) 8.5 earthquake on the Benioff zone occurring 37 miles (60

km) frrnn the Devil Canyon site and 31 miles (50 km) from the Watana

site.
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(d) within the site region, 13 faults and 1ineaments have been judged

to need additional investigation to better define their potential

affect on Project design considerations. These 13 faults and

lineaments (designated significant features) were selected on the

basis of their seismic source potential and potential for surface

rupture through either site. Four of these features are in the

vicinity of the watana site and nine are in the vicinity of the

Devil Canyon site.

(e) At present, the 13 significant features are not known to be

faults with recent displacement. If additional seismic geology

studies show that any of these features is a fault with recent

displacement, then the potential for surface rupture through either

site and the grouna motions associated with earthquakes on such a

fault will need to be evaluated.

(fl Preliminary estimates of ground motions at the sites were made for

the Denal i and Castle Mountain faults and the Benioff zone. Of

these sources, the Benioff zone is expected to govern the levels of

peak horizontal ground acceleration, response spectra, and duration

of strong shak i ng. The ground-mot ion est imates are prel imi nary

in nature and do not const itute criteri a for des ign of project

facilities. The site ground-motion estimates will be made final

and the design criteria will be developed as part of the next phase

of study.

13.2 Technical Conclusions

(a) The site is located with the Talkeetna Terrain. This tectonic unit

has the following boundaries: the Denali fault to the north and

northeast; the Totschunda fault to the east; the Castle Mountain
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fault to the south; a broad zone of deformation and volcanoes to
the ~est; and the Benioff zone at depth.

(b) The northern, eastern, and southern boundar ies of the Tal keetna
Terrain are major fault systems along ~hich displacement has

occurred in Quaternary time. The Benioff zone beneath the Tal
keetna Terrain represents the upper margin of the Pacific Plate
~hich is being subducted beneath the North American Plate. The
~estern boundary is a broad zone of deformation and volcanoes ~hich

does not appear to have brittle deformation occurring along a major
fault .

(cl The Talkeetna Terrain appears to be acting as a coherent tectonic
unit ~ithin the present stress regime. Major strain release occurs
along the fault systems bounding the Terrain. Within the Terrain,
strain release appears to be randomly occurring at depth ~ithin the
crust. This strain release is possibly the result of crustal
adjustments resulting from perturbation imposed by the Benioff zone
and by stress (associated ~ith plate motion) imposed along the
Terrain margin through the Terrain.

(d) The only fault system ~ithin the site region (~ithin 62 miles 100

km) of either Project site} which is kno~n to have had displacement
in Quaternary time (the last t~o million years) is the Denali
fault. This fault is approximately 40 miles (64 km) north of the

sites at its closest approach. The Castle Mountain fault system is
immediately south of the site region. This fault system has had
displacement in Quaternary time.

(e) Within the site region, 48 candidate significant features have been
ident ified. These features are faults and 1ineaments for ~hich no
ev idence of recent disp1acement ~as observed, but for ~h ich ev i
dence of precluding recent displacement has not been demonstrated.
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(f) Of the 48 candidate significant features, there are 13 significant

features which the results of this study suggest need additional
investigation. These 13 features were selected on the basis of

their seismic source potential and potential for surface rupture

through either Project site. Four of these features are in the
vicinity of the Watana site and include the Talkeeetna thrust fault
(KC4-1), the Susitna feature (KD3-3), the Fins feature (KD4-V),

and lineament KD3-7. Nine of the features are in the vicinity of
the Devil Canyon site and include fault KD5-2 and lineaments KC5-5,

KD5-3, KD5-9, KD5-12, KD5-42, KD5-43, KD5-44, and KD5-45.

(g) No evidence of the Susitna feature has been developed to date
during this study. Reconnaissance level aerial and ground checking

has produced no evidence of a fault in bedrock and no ev idence of
deformation in overlying surficial units.

Review of aerial gravity and magnetics data shows no evidence of a

major tectonic dislocation. Earthquakes correlated with the

southern portion of the feature by Gedney and Shapiro (1975)

occurred at depths greater than 43 mil es (70 km). These focal
depths suggest that the earthquakes occurred on the Benioff zone
well below the crust and well below the extent of the Susitna
feature, if the latter is a fault. The feature may be the result

of glaciation of stream drainages whose alignment reflects struc
tural control such as joints or perhaps folding.

(h) The Talkeetna thrust fault is a northeast-southwest trending fault

which may dip either to the northwest or the southeast. The

northeastern continuation of the fault is the Broxson Gulch thrust

fault resulting in a 167-mile (270-km) long fault that passes
approximately 3.5 miles (5.4 km) upstream of the proposed Watana
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site. No ev idence of d j sp1acement younger th an Tert i ary in age

(approximately two to several tens of millions of years old) has

been reported for either the Talkeetna or Broxson Gulch thrust

faults. However, anomalous relationships in deposits of Tertiary

(?) age on the north side of the Susitna river were observed during

this investigation and may be related to faulting.

(il Seismicity within the Talkeetna Terrain can be clearly delineated

as crustal events occurring at depths to approximately 5 to 12

miles (B to 20 km) and as Benioff zone events which occur at

greater depths. The depth to the Benioff zone increases from

approximately 25 miles (40 km) in the southeastern part of the sit'!

region to more than 50 miles (80 km) in the northwestern part of

the microearthquake study area and more than 78 mil es (125 km) in

the northwestern site region.

(j) The largest reported historical earthquake within the site region

is the magnitude (M s ) 6-1/4 event of 1929 which occurred approx

imately 25 and 31 miles (40 and 50 km) south of the Devil Canyon

and Watana sites, respectively. Four earthquakes greater than

magnitude (M s ) 5 have occurred during the period 1904 through

August 1980.

(k) Earthquakes as large as magnitude (Ms ) 5 to 5-1/2 may possibly

occur in the site region without direct association with surface

fault rupture. Such events would probably be constrained to

rupture planes deeper than 6 miles (10 km).

(1) The largest crustal event recorded within the microearthquake

study area during 3 months of monitoring was magnitude (ML) 2.8.

It occurred 6.8 miles (11 km) northeast of the Watana site at a

depth of 9.3 miles (15 km) on 2 July 1980.
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(m) Two clusters of microearthquake activity were observed within the

microearthquake network during the three-month monitoring period.

These two clusters occurred in the same general vicinity east of

the southern portion of the Talkeetna Thrust fault. These clusters

of seismicity occurred at depths of 6 to 12 miles (10 to 20 km).

One of the clusters gives a composite focal plane mechanism of

N23'E, dipping 50'NW, consistent with local geologic trends. The

sense of movement is reverse (toward the southeast) with a dextral

component of slip.

(n) The clusters of microearthquake activity described in (m) above

appear to be related to a small subsurface rupture plane that does

not extend to the surf ace. These clusters do not appear to be

related to the Talkeetna thrust fault.

(0) Seismicity in the vicinity of the site, including the clusters

described above, appears to reflect relatively small-scale crustal

adjustments at depth in the crust. These adjustments may be

rel ated to stresses imposed by the Benioff zone and/or by pl ate

motion.

(p) No association of microearthquake activity with candidate sig

nificant or significant features is apparent on the basis of

information obtained to date.

(q) The two reservoirs are considered as one reservoir hydrologically.

This combined Watana-Oevil Canyon reservoir would be among the

deepest and largest in the world. It is concluded that the likeli

hood of a reservoir-induced earthquake of any size within the

hydrologic regime of the proposed reservoir is high (0.9 on a scale

of 0 to 1); this is primarily because ~ater depth has a major

apparent theoretical and empirical correlation with the occurrence

of reservoir-induced seismicity.
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(r) Preliminary maximum credible earthquakes (PMCEs) have been esti

mated for crustal faults with recent displacement in and adjacent

to the site region and for the Benioff lone. The PMCE for the

Denal i fault is est imated to be a magnitude (Ms ) 8.5 event occur

ring 40 miles (64 km) from the Devil Canyon site and 43 miles

(70 km) from the Watana site. The PMCE for the Castle Mountain

fault is estimated to be a magnitude (Ms ) 7.4 event occurring 65

miles (105 km) from the Devil Canyon site and 71 miles (115 km)

from the Watana site. The PMCE for the Benioff lone is estimated

to be a magnitude (M s ) 8.5 event occurring 31 miles (50 km)

beneath the Watana site and 37 mil es (60 km) beneath the Devil

Canyon site.
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14 - Proposed 1981 Study Plan

The proposed study plan is designed to provide additional information

for Project design in accordance with the Plan of Study (Acres American

Inc., 1980). This information will include data on the characteristics

of the 13 s ign ifi~ant features and a subsequent refined assessment of

the potential for moderate to large (magnitude (ML) > 5) reservoir

induced earthquakes. From these stud ies, a ref i ned es t imate of earth

quake ground mot ions at the sites can be made and earthquake ground

motion design criteria can be developed for the Project.

The proposed study plan is expected to be evolutionary in nature.

Therefore, the details of the plan can change during the course of the

1981 studies. The plan is to:

(a) Conduct a detailed Quaternary geologic investigation. This inves

tigation will include research of available information of recent

geologic deposits, weathering rates, and glacial history; interpre

tation of large-scale aerial photographs; mapping of Quaternary

deposits; and age dating. The purpose of this investigation will

be to identify and obtain ages for Quaternary deposits. These

deposits can then be used to evaluate the recency of displacement

along faults.

(b) Obtain and analyze 10w-sun-ang1e photography around both sites

and along the Talkeetna thrust fault and Susitna feature. The

purpose of these studies will be to look for evidence suggestive of

recent fault displacement. If such evidence is observed, the

locations identified on the 10w-sun-ang1e photographs will be

examined during the geologic field studies.
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(c) Conduct field geologic studies of the 13 significant features.

These studies will include additional air photo analysis and

field mapping in appropriate locations. They can also include

test pits, trenches, geophysical surveying, borings, and age

dating.

(d) Conduct calibration studies along either the Denali or Castle

Mountain faults. The calibration can include field mapping,

air photo analysis, and trenching as appropriate. The purpose of

these studies will be to provide detailed information on the style,

amount, and rate of deformation on faults with recent displacement.

Tnus, during the field studies of the significant features, the

characteristics of the significant features will be calibrated

against the degree of confidence in judgments made about recent

fault displacement.

{e} Design a program manual for future seismologic network monitor

i ng . The manua 1 will sunmari ze da ta record i ng, interpret at ion,

and documentation procedures. The purpose of the manual will

be to provide guidelines for obtaining additional high quality

seismologic data for the project.

{f} Re-ev a1uate the est imated potent i a1 for reservo i r- induced se i s

micity by incorporating the results of the geologic field studies.

The presence or absence of faults with recent displacement within

the hydro log ic reg ime of the proposed Watana-Dev il Canyon reser

voir will affect the potential for moderate to large magnitude

(Ms ) > 5 reservoir-induced earthquakes. After the field studies

are completed, theoretical modeling and additional statistical

analyses can be conducted to assess this potential.

(g) Final ize the estimates of earthquake ground mot ion at the Project

sites. This will be done after the seismic geology studies are

performed to assess the seismic activity of significant features.
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(h) Develop Project earthquake ground motion design criteria based

on the results of the ground motion evaluations.
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APPENDIX A - ANNOTATION AND DOCUMENTATION PROCEDUkES

FOR THE GEOLOGIC INVESTlGATlOI~

A.I - Introduction

This appendix describes the procedures used to annotate and document

candidate features during the geologic investigation. The geologic

investigation included literature aCQuis'tion and analysis, acquisition

and interpretation of existing remotely sensed imagery and photography,

and field reconnaissance studies. The ~rocedures used during the inves

t igat ion can be cons ide red as two sets;--one set used pr ior to and the

other used during the field reconnaissance studies.

The two sets of procedures were deveVoped prior to initiation of the

geologic investigation. Revisions were made during the course of the

investigation to accommodate changes in conditions which developed. The

purpose of the procedures was to provide a systematic method of annota

tion and documentation to be used during the review of data sources for

the recording of pertinent information, for the transferral of that in

formation to appropriate base maps, and for the recording of field ob

servations. This method of annotation and documentation was designed to

provide repeatable and accurate results which could be reviewed by an

independent rev iewer.

A summary of the annotat ion and document at ion procedures is shown in

Figure A-I. Examples of the documentation forms are included in this

appendix. Completed forms for each candidate feature are filed in the

project master file; they are not reproduced in this report.
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A.2 - Fault and Lineament Annotation and Documentation Procedures

A.2.1 - Literature Review (Form SHP-2)

Purpose

The purpose of this procedure was to outline the steps necessary
for documentation of the 1iterature review. Form SHP-2 (Figure

A-2), used for the document at ion, was des igned to meet the fo 1
lowing goals:

(al To provide documentation for each reference;

(b) To provide an easily retrievable, brief summary of the data

contained in the reference;

(cl To provide a quick reference for faults or lineaments which

were identified or discussed in the reference;

(d) To provide a full reference citation for the report bibli

ography.

Procedure

The following is a summary of the procedures used to complete
selected portions of the form.

At the tnp of the sheet, an (X) is placed by the field of study

emphasized in the reference; a check (v') is placed by the fields

of study that are considered to be of secondary emphasis in the

reference. The project reference file is divided into the same
fields of study as those listed at the top of the page.
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The original reference documentation sheet is filed alphabeti

cally by the lead author's last name in the project master file.

The reference and a copy of the reference document at ion sheet

is filed under the field of study emphasized in the reference,

i. e., the field marked with an (X). A copy of the reference

document at ion sheet is al so filed under the heading of the sec

ondary fields of emphasis mo ked with a check (J).

This procedure provides a cross reference system for references.

If, for example, information on age dating is needed, a review of

the file under the heading of age dating provides all references

(and reference document at ion forms) wh ich emphas i ze age dat ing.

In addition, reference documentation sheets are present for other

references that don't emphasize age dating but which nevertheless

contain usable age dating data.

The name of the person who rev i ewed the reference is entered,

alon'.) with the date of the review. If a copy of the reference is

not in the project file, the "no" is circled on the form and

the location of the reference (e. g., Woodward-Clyde Consultants

Library, UCLA Library) is written at the end of the Full Citation

section.

A complete and accurate citation is included, using the format

given in Bishop and others (1978). Illustrations such as maps

and cross sections which are pertinent to fault studies are

listed. The title and scale of the illustration are also in

cluded.

The geographic area covered in the reference is described using

physiographic feature names and/or geographic names. If appro

priate, more specific locations are described by citing 15 minute

quadrangle sheets, township and range, or longitude and latitude.
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The summary provides a brief synopsis of the reference contents.

Data that may be useful in the seismic geology study are noted,

and the quality of those data with respect to the purposes of the

project is indicated.

For references marked "not usef u1," a br i ef exp1anat ion of why

the reference is not useful is provided.

Structural elements (faults and lineaments) identified in the

reference that occur within a 62-mile (lDD-km) radius of both dam

sites are transferred to the base map and are assigned a map code

number using the procedures discussed below in Section A.2.5.

The map code number and names, if appl icable, of all structural

elements cited in the reference are listed on Form SHP-2.

A.2.2 - Remotely Sensed Data (Form SHP-4)

The procedures described below include the documentation methods

that were used during the interpretation of lineaments on re

motely sensed data. The key sections of the procedures are the

annotat ion of myl ar overl ays and the coopl et ion of the remote

sensing lineament worksheet (Form SHP-4). An example of the form

is shown in Figure A-3. The coverage of remotely sensed data

used for this investigation is shown in Figures A-4 and A-5.

Procedure

All interpretation of remotely sensed data was annotated on mylar

overlays. The overlay includes registration marks, image type

and scene identification number, the project number, the inter

preter's initials, and the date of interpretation.
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.~11 1ineilTlents interpreted to be possible faults or possible

faults with potential recent displacement were delineated on the
overl)y. Lineaments meeting the length-distance screening cri

teria (described in Section 3.2) were assigned a remote sensing

code number by using procedures described below in Section A.2.3.

This interim remote sensing code number was written on the mylar
overlay adjacent to the lineament. Lineaments which did not meet

length-distance screening criteria were annotated with an X.
After all lineaments were annotated with either an interim remote

sensing code number or an X, overlays were filed in the project
master file.

Lineaments which met length-distance screening criteria were de
sc r ibed on the remote sens i ng 1ineament worksheet (F onn SHP -4) .

The intent of these descriptions was to provide a concise list

and summary of geomorphic expressions which could possibly sug
gest that a feature may be a fault and may have recent displace

ment. Key locations from which to examine the feature were re
corded to facilitate examination during the field reconnaissance

studies.

A.2.3 - Assigpment of Remote Sensing Code Numbers

After lineaments were identified on remotely sensed data, recorded
on mylar overlays, and screened using the length-distance criteria

described in Section 3.2, they were assigned a 3-element remote
sensing code number.

The firs tel ement of the remote sens i ng code number is a 1etter

which designates the type of remote sensing imagery on which the

lineament is expressed. The letter symbols used were:
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A - LANDSAT IMAGE, MSS BAND 7,1:500,000 scale print;

B - LANDSAT IMAGE, MSS BAND 7, 1:1,000,000 scale negative;

C - LANDSAT IMAGE, ~SS BAND 5, 1:1,000,000 scale negative;

o - High-altitude near-infrared (IR) color print, approximately

1:125,000 scale;

E - Low-alt itude black-and-white panchromatic print, approximately

1:20,000 to 1:50,000 scale.

The second element of the remote sens ing code number cons i sts of

the flight line and frame identification number, for aerial photo

graphy, and the scene identification number, for LANDSAT imagery.

The third element of the remote sensing code number is a number

from 1 to "n," for "n" number of lineaments which have centerpoints

located on that particular photo or image. A small letter (e. g.,

la, Ib, lc) can be used to identify splays, lineament segments,

etc. that are cons idered to be part of a 1arger, through-going

1i neament.

Two examples of remote sensing map code numbers for a lineament

are:

013700-3 and D13700-3a

The first remote sensing code number identifies the lineament as

lineament number 3 that has been interpreted on high-altitude,

A - 6



near-IR color photograph 700 taken on fl ight1 ine 13. The second

remote sensing code number identifies a lineament that is a splay
off lineament 013700-3.

Only the third element of the remote sensing code number was marked

on the photo or image overlay. The complete remote sensing code

number was recorded in the space prov ided on the remote sens i ng

lineament worksheet (Form SHP-4).

After the interpretation of the various types of remote sensing

imagery was completed, all worksheets for a given 1ineament were

reviewed. All geomorphic expressions and the correspondinq key

locations to be examined in the field were summarized in Items

A.2 (Geomorphic) and A.4 respectively on the fault and 1ineanent

data summary sheet (Form SHP-3, shown in Figure A-6). The remote

sensing code number was cited as the data source for these entries

on Form SHP-3.

A.2.4 - Transfer of Lineaments Identified on Remotely Sensed Data

to Base Maps

If a lineament interpreted during the remote sensing analysis did

not duplicate the plotted location of a 1ineament or fault identi

fied from the literature review, then the lineament was plotted

on the map and as signed the next avail ab 1e map code number us ing

procedures described in Section A.2.S below. The map code number

was recorded on Forms SHP-3 and SHP-4.

If a 1ineament or fault (identified from the 1iterature review)

had already been plotted in approximately the same location as a

lineament identified during the remote sensing analysis, then the

1ineament was not added to the base map. Instead, the map code
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number for the feature already on the base map was assigned to the
1ineament and recorded on Form SHP-4. In addition, the r6110te
sensing code number was listed in the Data Sources/References SE~

tion of Form SHP-3, and the geomorphic expression of the lineament

was summarized on Form SHP-3.

If a 1ine~ent was longer than a 1ineament or fault which had al
ready been plotted at the same location and if the center point of
the longer lineament fell within a different 15 minute quadrangle,

then a map code number was assigned to the longer line~ent (using

the procedure described in Section A.2.5 below) and the map code
number for the longer 1ineament was assigned to replace the map

code number for the shorter fault or lineament. This replacement

involved immediate correction of forms filled out for the previ
ously plotted shorter fault or lineament.

If a lineament was discovered to be a splay of, or closely parallel
to, a previously plotted fault or lineament, then either a new map

code number was assigned to the lineament or the existing map code
number was modified (using the la, 1b designation described in

Section A.2.3) and assigned to the lineament. If the latter

procedure was used, Forms SHP-3 and SHP-4 were annotated to docu

ment the presence of SUbsidiary lineaments to the previously
identified fault or lineament.

A.2.S - Assignment of Map Code Numbers to Faults and Line~ents

Purpose

The purpose of this procedure was to provide the basis by which

faults and lineaments evaluated during this study would be
labeled. The alpha-numeric code (termed map code number) was as

signed and used to identify faults and lineaments shown on pro

ject base maps, remote sensing overlays, and documentation forms.
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Procedure

During the literature review and remotely sensed data interpre

tat ion, a map code number was used for each 1ineament or fault

that was entered on the base maps and various documentation

forms. The method of constructing the map code number for (al

faults and lineaments identified in the literature and (bl linea

ments identified on remotely sensed data is described below.

All faults and lineaments (including those from published geophy

sical data) obtained from the literature review and located with

in the 62-mile (lDD-km) radius of both sites were plotted on base

maps and assigned a 3-element map code number. In addition, the

Castle Mountain fault and associated branches and splays which

lie outside the 62-mile (100-km) radius were also assigned map

code numbers because the fault is a boundary fault ..hich was in

cluded in the scope of this investigation .

The first element of the map code number is a one letter symbol

which designates the 2' quadrangle map on which the approximate

center point of the fault or 1ineament is located. The letter

symbols for the appropriate 2' quadrangle maps are as follows:

A - Anchorage

G - Gulkana

H - Healy

M - McKinley

T -Talkeetna

K - Talkeetna Mountains

V - Tyonek

X - Mt. Hayes

The second element of the map code number is a two-unit alpha

numeric symbol which describes the 15 minute quadrangle map on
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which the approximate center point of the fault or I ineament is

located. This alpha-numeric symbol is based on the U. S. Geologi

cal Survey's letter/number matrix that identifies the 15 minute
quadrangle maps within each 2' quadrang1e map, as indicated
below.

6 5 4 I 3 2 1

0

C

X 6

A

For example, within the Talkeetna 2' quadrangle map, 63 would de
note the location of the 15-minute quadrangle map in the south
central portion Of the 2' quadrangle map as indicated by the X in
the above illustration.

The third element of the map code number is a number from 1 to
"n" for "n" number of faults or lineaments which have center

points located on the 15-minute quadrangle map just described.

A small letter (e. g., la, 1b, 1c) is used to identify fau1t
splays, fault segments, etc. that are considered to be part of a

larger through-going fau1t or lineament.

Two examples of a map code number for a fault or I ineament are:

T63-3 and T63-3a
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The first map code number identifies the feature as fault or
lineament number 3 having a centerpoint in the B3 IS-minute
quadrangle of the Talkeetna 2' quadrangle. The second map code

number identifies a fault or lineament that is a splay off the
fault or lineament TB3-3.

A.2.6 - Completion of the Fault and Lineament Data Summary Sheet
(Form SHP-3)

Purpose

The fault and 1ineament data sunrnary sheet (Form SHP-3. Figure

A-6) is the key form of the project. Its purpose is: (1) to
sunrnarize the information used to identify and characterize (a)
faults or 1ineaments described in the 1iterature or (b) linea
ments identified by remotely sensed data interpretation which

meet the length-distance screening criteria; and (2) to track the
progress of the field work for each feature and to verify that

work has been completed or that additional field studies are
considered necessary.

Procedures

The fault and lineament data sunrnary sheet (Form SHP-3) has been

completed as described below for every fault or lineament identi
fied in the literature and for all lineaments identified on

remotely sensed data meeting the project screening criteria.

Faults and Lineaments Identified in the Literature

Section A.l was completed for all faults and lineaments identi

fied in the literature including those inferred from geophysical

data by Woodward-Clyde Consultants or by others.
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If the fault or 1inearnent was judged not to be a candidate sig
nificant feature on the basis of the length-distance screening
criteria (described in Section 3.21, "No" was written after
"Significant Feature?" The person making the evaluation then

initialed and dated the decision on the back of Form SHP-3. No
other data were entered on the form and it was filed in the pro
ject master file.

If the fault or lineament was judged to be a significant feature
on the basis of the length-distance screening criteria, "Yes" was
written after "Significant Feature?" The person making the eval
uation then initialed and dated that decision on the back of form
SHP-3. The remainder of the form was coopleted with all app1 i
cable data as described in the following paragraphs.

Sections A.2 through A.4 were completed prior to the field recon

naissance studies. App1 icab1e data were summarized and keyed to

the appropriate data source or reference cited on the back of the
form. Section A.4 was of particular importance to facil itate

field checking of the feature.

Section B was cOOlp1eted during the field reconnaissance studies.
Section B.1 was completed after the initial examination of the
feature during the field reconnaissance studies. If additional

work was jUdged to be necessary, Items B.2 and B.3 were completed
as appropriate.

Lineaments Identified on Remotely Sensed Data

Sections A and B were completed for all lineaments that met

length-distance screening criteria. The procedures for complet

ing the form were the same as those discussed above for faults

and lineaments.
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References and Data Sources

All references and data sources were entered on the back of

the form. Reference citations include the author(s) and date.

Each data source or reference was assigned a number. This

number is listed in Section A following pertinent data from the

references or data source.

A.3 - Field Reconnaissance Study Documentation Procedures

Purpose

During the field reconnaissance studies, the procedures described be

low were used to observe candidate features and to document the

observat ions. As a part of these procedures, Forms SHP-6, SHP-7, and

SHP-B were used to maintain the uniformity of the data collected and

recorded by the project team members.

Procedures

For maximum effectiveness, the field geologists ordinarily worked

in two-person teams. During aerial reconnaissance, the geologist

seated in the front of the aircraft had primary responsibil ity for

navigation, as well as responsibility for observations of morphologic

features visible from his or her side of the aircraft. The second

geologist, who occupied a rear seat on the same side of the aircraft,

had primary respons ib il i ty for document at ion of infonnat ion rel at ing

both to his or her own observations and that of the other team member

and had a secondary responsibility for verifying the locations of the

observat ions. Photography of the features observed was a shared

responsibil ity. In order to gain the fullest benefit of the exper-

ience of each member of the field teiITI and to ensure a common basis
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for arriving at an informed opinion about the origin of the observed

features, each previously identified lineament was flown in both

direct ions.

For some long faults or 1ineaments, it was necessary to examine the

feature in detail at a number of different locations. Aircraft

landings were made, where possible. to study fault-related features

and features that could possibly have been related to recent fault

displacement. Each location which was studied in detail along a given

feature was given a separate site number. and a copy of Form SHP-6 was

completed for these locations. Each landing site was marked on the

appropr i ate 15 -m i nute quadrang 1e map wi th a given symbo 1. Where

appropriate, measurements were made of: the strike and dip of

features; slopes of the ground surface; length and height of scarps;

and the amount of d i sp1acement or divers i on of streams. Measurement s

were taken by Brunton compass, by estimation, or by pacing. Where

appropriate, samples of bedrock were collected and labeled, and

bedrock geology was mapped in selected areas.

Color 35-mi1l imeter photographs were taken of all faults and 1inea

ments. Photographic data recorded in the field on the photo log (Form

SHP-7 shown in Figure A-B) included the map code number of the fault

or lineament, the site number, the photograph look direction. the

orientation of the lineament in the photograph, and significant

observations.
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A.3.1 - Completion of Field Observation Documentation Sheet (Form
SHP-6)

Purpose

The purpose of Form SHP-6 (shown in Figure A-7) was to document

observations made for candidate features during field reconnais

sance studies. The form was designed to facilitate the distinc

tion between observations and interpretations.

Procedures

The field observation documentation sheet (Form SHP-6) was

completed during aerial and ground reconnaissance for each

candidate feature. All observations in the vicinity of the
candidate feature were noted by checking the appropriate entries

on Form SHP-6. The only interpretations recorded on the form

were entered in Sect ions 3e and 3f for which interpret at ions

of the or igin of the feature and es t imates of the age of the

youngest unit displaced by the feature were made.

The study of a fault or 1ineament was cons idered complete when

the field crew agreed that adequate data had been gathered.

Whenever there was uncertainty or disagreement about the inter

pretation of the origin of a lineament that could have had recent

or potent i ally recent disp1acement, a blue symbo1 was marked on

the map and on Forms SHP-3 and SHP-6. This symbol indicated that
the feature should be considered furth:r by the principal inves

t igator or by a senior reviewer. A copy of each form was given

to the Project Geologist for evaluation by the appropriate

personnel.
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A.3.2 - Photography Documentation (Forms SHP-7 and SHP-8)

Purpose

The purpose of the photographic documentation forms (Forms SHP-7

and SHP-8) was to record all photographs taken for each roll of

film and ultimately to record all photographs taken of a specific

candidate feature. Figures A-8 and A-9 provide examples of these

forms.

Procedures

Prior to the field reconnaissance study, each roll of film was

assigned a project roll number (e. g., S-l, S-2). For each roll

of film, the same project roll number was assigned to a copy of

Form SHP-7. All photographs taken on a roll of film during the

field reconnaissance study were recorded on the corresponding

copy of Form SHP-7. During field reconnaissance studies, photo

graphic data were recorded as discussed at the end of Section A.3

(immediately prior to Section A.3.1). When a roll of film was

finished, the date of mailing for processing was recorded at the

top of Form SHP-7, and the corresponding mailer stub was stapled

to the form.

After the film was developed, all prints or sl ides were marked

with the project roll number, frame number, and map code number.

The photographs or slides applicable to the various faults or

1ineaments were recorded on the fault and 1 ineament photo log

(Form SHP-8) and were filed with the other data for that fault or

1i neament.
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A.3.3 - Completion of Fault and Lineament Index Sheet (Form SHP-s)

Purpose

The purpose of this form (Form SHP-s, shown in Figure A-10) was

to maintain a summary of the field examination of candidate fea
tures during the 1980 field reconnaissance studies. In addition,

the eva1uat ion of these features was mon i tored with th is form.

Procedures

The information for the first three columns was obtained from the
fault and lineament data summary sheet (Form SHP-3). Plotting

of the features on the 1:250,000 scale base map and on IS-minute
quadrangle maps was recorded in the appropriate column when com
pleted. Examination and review in the field, and decisions
regarding whether additional work was considered to be necessary

were recorded in the appropriate columns during the field inves
tigation. The last two columns were completed by the end of the

1980 field season.
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APPENDIX B - 1980 MICROEARTHOUAKE NETWORK INSTALLATION, OPERATION, AND
MAINTENANCE PROCEDURES

B.l - Site Selection

Preliminary site selections based on available photos and maps were made

before the fieldwork began. When helicopter access became available in

the last two weeks of June, 1980, these selections were refined on the
basis of the following requirements:

•
•

•
•
•

•

The sites must be within 30 miles (48 km) of the Project sites;
The network must provide good geOOletrical coverage around the

sites;
The sites must be easily accessible by helicopter;
The sitp.s must be on or near competent bedrock;
The sites must provide good telemetry paths to the Watana Base
Camp recording site; and
To allow for high signal amplification. the sites must be rela
tively free of background noise created by wind, water, and

cultural act ivit ies.

Table B-1 lists the locations, elevations. and operating periods of all
stations used in the study. Three stations (DPC. OCR, GRB) were moved
during the study to provide better location control around a cluster of

small earthquakes. The new locations, TKR, SBL. and UPG were selected
on the basis of the same criteria. The network configuration, as shown
in Figure B-1, allowed for earthquake location in the study area even

if one or two stations were inoperable at the time of an event.
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B.2 - Instrumentation

Two types of microearthquake recording instruments were used for the

field monitoring program. The first instrument, the Spreng nether

MEQ-800 seismographic recorder, is a battery-powered drum recorder which

provides a continuous analog paper record. Voltage signals from the

seismometer are amplified and drive a galvanometer, which traces the

amplified signals onto a rotating smoked-paper drum with a sapphire

stylus. The instrument is equipped with selectable frequency filters

to reduce background seismic noise that may obscure earthquake data.

Recording is continuous until space on the drum is exhausted, at which

time the smoked paper must be changed. An accurately adjusted quartz

oscillator clock provides precise timing marks that are superi~90sed on

the record. The internal clock ;s synchronized to an external reference

clock when the records are changed.

Eight I~EQ-800 recorders were operated at loIatana Base Camp using tele

metered signals from the remote seismograph station sites. These eight

stations that telemetered the data to the base camp were equipped with

a Mark Products L-4C vertical component, short period (1 Hz) seismometer

and an electronics package containing a Sprengnether AS-110 ampl ifier,

Spreng nether TC-l0 Voltage Controlled Oscillator (VCO), and a Monitrom

100 mOl radio transmitter. The voltage signal from the seismometer was

~~plified and converted to a varying-frequency audio tone that was then

transmitted by FM radio. The various tones were received by a FM radio

receiver at the base camp, demodulated using a Sprengnether TC-20 dis

criminator, and recorded on the MEQ-800 recorders. In some cases, sev

eral VCO tones were multiplexed. Both transmitter and receiver employed

Scala antennas. The transmitter station was powered by two 2.5 volt

Ed i son Carbona ire batteries with a DC-DC converter wh ich stepped up

the voltage to 12 volts. loIatana Base Camp recorders were powered by

four 12-volt lead acid batteries that were recharged using the camp

generator.
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The seco:ld type of instrument used in this study was a Sprengnether

DR-1DO three-component digital event recorder. The DR-100 is designed
to record intermittently only when a signal is identified as an earth
quake acccrding to programmed criteria. When an earthquake is detected,
the recorder is triggered and the signal is recorded on a magnetic tape
cassette. The frequency of tape-changes on a DR-100 instrument depends
upon the level of seismic activity in the area and upon the success with
which the instrument was adjusted to discriminate between noise signals
and earthquakes. The three sensors for the DR -1 00 are also Mark Prod
ucts L-4C seismometers--one is vertically and two are horizontally ori
ented (north-south and east-west). The vertical seismometer acts as the

signal source for the detection algorithm.

The operation of the DR-100 is much more complex than that of the

MEQ-800. Signals from the seismometers are amplified and converted from
analog to digital form before being processed. A logic circuit monitors
the incoming vertical-component digital signal and determines if it is

an earthquake signal. When the trigger criteria are satisfied, the data
from all three components are retrieved from digital memory and are

recorded on cassette tape. The DR-100 provides an accurate time record
in a manner simildr to that of the MEQ-BOO.

The triggering criteria are programmed in the field and depend upon the

level and nature of the background noise present at each site. At sites
having a low and constant background noise level, it is possible to set

the triggering criteria to permit the detection of very small earth
quakes and still to have a tape last for long periods. To prevent the

tape from running out too quickly, sites that are subject to large,
occasional noise signals, such as those generated by passing vehicles,
must have the triggering criteria adjusted so the instrument is less

sensitive to small signals, including small earthquakes.

For time corrections, the internal clock of the DR-100 is synchronized

to an external reference clock. For this study, the synchronization was
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achieved during field operations by using a 5prengnether T5-400 time

reference; this is a portable quartz oscillator clock similar in design

to the integral clock of the MEQ-SOO seismograph. The reference clock

was cal ibrated to the international radio time standard, station WWV,

using a radio time receiver and an oscilloscope. This allowed timing

accuracy to within several hundredths of a second.

Two OR-lOO three-component stations were installed, one at the Watana

dam site (WAT) and the other at the Devil Canyon dam site (OEV). Each

station was powered by three 12-vo1t lead acid batteries. The seismo

meter signals were first amp1 ified with 5prengnether A5-11O amp1 ifiers

before being sent to the OR-100 recorders.

B.3 - Installation, Operation, and Record Chan~

The microearthquake network (Figure B-1) was installed during late June

and the first week in July, 19S0, and operation began on the dates

listed in Table B-1 and shown in Figure B-2. Once the stations were

installed, a program of maintenance and record changing was established.

The frequency of visits to the stations WAT and OEV depended upon the

rate of triggering on the OR-100's (that is, on the level of seismic

act ivity). On the average, 15 to 20 triggered events could be written

on a 15-minute magnetic tape. An average of 4 to 1("\ events per day

triggered the OR-100's during the monitoring period, so the magnetic

tape lasted 2 to 3 days. Thus, record changing was performed every

other day, except in bad ~eather. Even if the two digital stations were

not operating, coverage was provided by the continuous telemetry system.

The OR-100 stations required further adjustment of their trigger set

tings during the initial monitoring. All transportation from Watana

Base Camp to the network stations was accomplished by helicopter.

Routine maintenance of the OR-100's consisted of checking and syn

chronizing the internal clocks with the T5-400 reference clock, checking

the voltage level of the batteries, and verifying the proper operation

of the recorder.
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The eight MEQ-800 smoked paper records required changing every 24 hours.
A total of sixteen drums were kept at the base camp so that one set of
eight could be papered and smoked with carbon-black while the other
eight were recording data. Records were fixed (made permanent) with a
shellac/alcohol solution to prevent the carbon from rubbing off. Time
corrections were made daily using an oscilloscope and the WWV radio time

standard. The TS-400 reference clock was corrected daily in the same
manner. Gain settings were adjusted to be as high as possible (66 to
78 db electronic amplification) but were reduced during periods of

excessive noise, such as during high wind and heavy rain. Information
that was noted on the back of each smoked paper record is shown in
Figure B-3. Routine maintenance of the MEQ-800 recorders in the central
recording station included changing low batteries, checking the te1e
metered center frequencies, and making sure the drums rotated properly.

The rout ine maintenance checks and any changes in the status of the
recording equipment in the central recording station were recorded daily

in the central recording stat ion log book. The MEQ-BOO recorders were
calibrated to give a pen deflection of 14 mm at a gain setting of 72 db

with both filters out when a current of 120 micro amps at 6.2 volts was
applied with a handca1ibrator.

Figure B-2 shows the period of successful operation for each station

during the three-month period. For some stations, malfunctions of the
recorders or de1ays in chang ing records caused missed record ing time.

For the three-month period, 95% of all the possible recording time was
successfully recorded with continuous coverage provided by seven or more

stations. Table B-1 gives the removal dates for each station at the
completion of the field season.

B.4 - Record Reading Procedures

Smoked paper records from the MEQ-800's and digital tapes from the
DR-100's collected from the field were brought to Watana Base Camp for
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data reduct ion and analys is. Stat ion infonnat ion was recorded in the

central recording station log book. Identification infonnation for each

of the magnetic tapes was listed in the OR-100 tape log book. Magnetic

tapes were reproduced on a paper chart recorder, and every triggering

event was ident ified by i~s "ON" and "OFF" time wh ich was entered on a

list of trigger events. The lists of triggered events for stations OEV

and WAT were then comparo~d to the MEQ prel iminary reading sheets to

ident ify any event that appeared on two or more stat ion records. The

paper analog records of these events were produced from the digital

tapes using a Sprengnether OP-100 Digital Playback Unit and a strip

chart recorder.

All recorded events were then identified as being local, regional, or

teleseismic earthquakes and were recorded on the MEQ-800 prel iminary

reading sheets (Figure B-4). A local earthquake was defined as an

event that occurred within or near the boundaries of the network con

figuration (shown on Figure B-1). The distance of an event from a

particular station can be quickly calculated by measuring the time

difference between the shear (S) wave and the compressional (P) wave

arrival times. Any earthquake having an -P time of 10 s,=,conds or less

at all stations {which time corresponds to a distance of approximately

56 miles (gO km) was defined as a local event. Ten seconds was used as

the cutoff for local status since the P-wave travel time between the two

most distant stations in the net was approximately nine seconds. An

event hav ing an S-P time of 10 to 40 seconds was cons idered to be a

regional earthquake; an event having an S-P time of greater than 40

seconds was classified as a teleseismic earthquake.

The P- and S-wave arrival times of the earthquakes were read from the

records as precisely as possible. Arrival times could be measured with

a precision of 0.025 second on the MEQ-800 records and 0.05 second on

the OR-100 records. The P- and S-wave arrival times were entered on

computer cod i ng sheets in the fonnat requ i red for computer anal ys is.
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The maximum ampl itude of the waveform and the total signal duratir- of

the earthquakes recorded at each station were measured for use in

maqnitude calculations.

An important factor influencing the accuracy of locating earthquake

epicenters is the accuracy with which arrival times are determined.

Particular care was taken to time the seismic-wave arrivals with respect

to an accurate common time base and to maintain the qual ity of timing

for the many steps of the data reduct ion. The internal clock drift

measured during each record change was also accounted for. Time correc

tions were calculated for the arrival times of events that were to be

located and entered into the computer location program. The coding

sheets were checked before en~ry into the computer by verifying the

internal consistency of the entries and re-examining the prel iminary

reading sheets to verify timing information and number of stations

recording the event.

Of equal importance to locating earthquake epicenters is the accuracy of

the geographic locations of the seismograph stations. The stations were

located on 1:63,360 maps from which the latitudes, longitudes, and ele

vat ions of the stat ions were measured. These data were al so entered

into the computer program.

Using the procedures described above, the epicenter and hypocenter

uncertainty within the microearthqua~e network is estimated to be

approximately 1.2 miles (2 km) with the uncertainty in hypocenter depth

slightly greater than that for the epicenter location.

8.5 - Velocity Model

In addition to the arrival times and station locations, earthquake

location computations require a crustal velocity model. On the basis of
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this model, the seismic ray travel times from hypocenter to each station

are calculated.

Velocity models are best derived from the results of large scale seismic

refraction and reflection studies. Alternatively, because approximate

character i s tic vel oc it ies of most rock types are known, mode 1s can be

estimated on the basis of regional geologic data. This latter method is

inferior to the former because regional geology models have not been

verified beyond depths of a few hundred meters and because the seismic

velocity can vary considerably in the various tectonic areas of the

earth.

The velocity model used in this study (Table B-2) is a regional model

developed by the University of Alaska Geophysical Institute (UAGI)

(Biswas, 19BO). It is the model presently employed by the UAGI for

locating earthquakes in central Alaska. Few detailed crustal studies

have been conducted in central Alaska, and little is known of the actual

crustal velocity structure. However, the regional velocity model

is probably representative of the actual velocity structure in the

Talkeetna Terrain and is judged acceptable for use in the location of

earthquakes in this study.

B.6 - Location of Microearthquakes

All local events (S-P wave arrivals of approximately 10 seconds or less)

located during this study are listed in Appendix O. An event was

located by computer if there were arr iva 1s recorded at four or more

stations. For this investigation, earthquakes of magnitude (ML)

approximately 0.5 to 1.0 or greater were large enough to be recorded at

a sufficient number of stati~ns and to be located by computer. Most

earthquakes of magnitude less than 0.5 were noted but not located.

Figure 9-4 shows the number of earthquakes per day which were located

within the microearthquake study area.
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Final earthquake hypocentra1 locations determined by computer were

calculated using the program HYPOELlIPSE (Lee and Lahr, 1979). The

inputs to the program are the station locations, velocity model, and the

arrival times of P- and S-waves from an earthquake recorded by the

station network. The origin time, latitude, longitude, and focal depth

of an earthquake are calculated from these data. The calculation

basically involves the solution of a time versus distance problem; the

computer program calculates the four parameters by mathematically

minimizing the difference between the ~bserved and computed travel times

by the iterative application of a least-squares process. Each observed

S or P wave travel time is obtained from the observed station arrival

time by subtracting the origin time obtained in the preceding iteration.

Each computed travel tir.~ is obtained using the crustal velocity model

and the epicentra1 distance based on the station location and the

hypocentra1 location from the preceding iteration. The origin time and

hypocentral location of the earthquake are init ially fixed to correspond

to the P-wave arrival time and to the location of the station having the

earl iest arrival time.

The program compares the residuals of all the stations in the 1east

square process and adjusts the trial hypocenter and origin time to new

values that will reduce the size of the residuals. The calculation of

residuals and the adjustment are then repeated until the program com

putes the solution that results in the statistically smallest set of

residuals, and this solution is adopted as the origin time and hypocen

tra1 location of the earthquake. HYPOELlIPSE a1 so performs a stat is

tical analysis of how well the final solution fits the data; this

"fit" gives an indication of the quality of the solution. Horizontal

and vertical standard errors, in kilometers, of the solution are

calculated.
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8.7 - Earthquake ~a9nitude Determination Procedure

A common and accepted parameter for describing the size of earthquakes

is local magnitude (ML). which is based upon Richter's definition using

amplitudes of earthquakes recorded on Wood-Anderson seismographs (Rich

ter. 1958). As originally developed and as it has been applied. the

magnitude scale gives a measure of the seismic energy released during

the earthquake. Earthquakes having magnitUdes larger than 5 are often

damaging or destructive. Microearthquakes are considered to be earth

quakes of magnitudes (ML) less than 3.

Several methods for determining equivalent Richter magnitudes based on

signal duration have been devised. including one that is based on a

method used for earthquakes in central Cal ifornia (Lee and others.

1972). The method by Lee and others defines signal duration (coda) as

the time from the P-wave arrival to the point where the signal-to-noise

ratio is about 5. The equation used to calculate the magnitudes. with

coefficients as used in Alaska by Lahr (1979) is:

ML = -1.15 + 2 log T + 0.00350 + 0.007H

where T is the coda duration (in seconds) measured from the time of the

P-arrival to the time when the coda becomes less than 1.0 mm in peak

to-peak amplitude (about five times background noise level). 0 is the

epicentral distance to the station in kilometers. and H is focal depth

in kilometers. The duration magnitudes have an estimated accuracy of

~ 1/4 magnitude units. One magnitUde value is computed for each station

in the network and these are averaged for a final value.

Magnitude values are also routinely computed at the UAGI. Their pro

cedure uses amplitude and frequency measurements of the seismic records

to determine equivalent Richter magnitudes. The formula used is as

follows:
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where

A is 1/2 the maximum peak-to-peak amplitude on the

seismometer trace. in millimeters;
f is the frequency of the peak amplitude wave;

WA( f) is the gain at frequency f of a Wood-Anderson
horizontal torsion seismometer;

G(f) is the gain at frequency f of a vertical
component seismometer (non Wood-Anderson) used
by UAGI; and

Ao is the trace amplitude. in millimeters. for a
standard earthquake as a function of the distance
from the epicenter.

Magnitude estimates for UAGI data are generally considered accurate to
within 1/2 (one-half) magnitude unit (Agnew. 1980).

8.8 - Focal Mechanisms

The pattern of the first ground mot ions produced by the P-waves of an

earthquake recorded at seismograph stations distributed around an
epicenter can reveal the orientation of the fault surface upon which the
event occurred. Small earthquakes can indicate the same stress field as
that of the less frequent large earthquakes. Thus. source mechanisms

estimated from small earthquakes can be very important for understanding
the regional geologic and tectonic environment.

To prepare a fault plane solution. the first motions for a

earthquake are plotted on an equal-area stereographic net.

,"epresent ing the angle of emergence of the P-wave as it
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earthquake focus is plotted at the azimuth from the epicenter to the

recording station. All rays are plotted on a lower hemisphere projec

tion.

The possible fault planes and principle stress axes are interpreted from

the first motion plots using the double-couple model of faulting. In

this model, the maximum and minimum compressive stresses are orthogonal

and produce orthogonal, conjugate nodal planes. The first motion

quadrants formed by the conjugate nodal pI anes are characterized by

alternating areas of compression and dilation, which correspond to up

and down ground motion, respectively. The principal stress axes (maxi

mum and minimum) 1ie midway between the orthogonal pI anes and are

perpendicular at their line of intersection.

First mot ion plots are usually prepared for single earthquakes. How

ever, to produce a well-defined focal mechanism, enough stat ions must

have recorded the earthquake to show a clear pattern. The first motions

from several earthquakes can be combined to form a composite first

motion plot. The technique of forming composite first motion and

interpreting focal mechanisms depends upon the assumption that the fault

orientat ion and causative stress field remain the same for all the

combined earthquakes.

B.9 - Blasting Identification

Individual explosions, such as quarry and mine blasts, can be signifi

cant sources of seismic energy (as large as magnitude ML 3 ano, at the

present st~te of the art, cannot be positively discriminated from earth

quakes by simple inspection of the signal on the seismogram. However,

repet i t ive b1ast s at the same Iocat ion do produce very s im i 1ar se i smo

grams. If done regularly at about the same time, repeated blasting

operations can be identified. No blasting sources were identified

within the seismograph network for the Susitna Project.
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TABLE B-1

MICROEARTHQUAKE STATION LOCATION
AND OPERATION SUMMARY'

Station Elevation Installation Removal
Code Name Latitude' Longitude' Meters' Date' Date'--
IIAC' lIatana Camp 62'50.2'N 148'30.9'11 822 20 June 4 July

IIAT lIatana Dam 62'49.8'N 148'33.2'11 868 25 June 27 Sept.
Site

Dev Devil Canyon 62'49.8'N 149'19.1 'II 650 26 June 27 Sept.
Dam Site

OED Deadman Mt. 63'03.7'N 148'13.6'11 1649 27 June 28 Sept.

JAY Jay Creek 62'50.0'N 147"56.9'11 1203 27 June 28 Sept.

KOS Kosina Creek 62'33.3'N 148'06.6'11 1250 28 June 27 Sept.

GRB Grebe Mt. 62'36.9'N 148' 51. 9' II 1119 30 June 25 Aug.

OCR Devil Creek 62'56.9'N 148'54.5'11 1356 1 July 25 Aug.

CNL Chunilna Mt. 62'41.b 'N 149'36.8'11 1192 2 Jul y 26 Sept.

DPC Disappointment 62'32.9'N 149'27.6'1I 1158 4 July 22 Aug.
Creek

HUil Hurricane 62'57.5'N 149'33.5'1I 1173 4 July 26 Sept.

TKR Talkeetna 62'27.45'N 148'45.26'11 1370 22 August 27 S'ept.
River

UPG Upper Grebe 62'34.95'N 148'52.89'11 1310 25 August 28 Sept.

SBL SwilTlT1ing Bear 62'52.78'N 148'54.60'11 1155 30 Auglust 28 Sept.
Lake

Notes: 1. Stat ion locat ions are shown in Figure B-1.
2. Station location and elevation were scaled from 1:63,360 scale base

maps on which stations were plotted during installation of the network.
3. Installation and removal dates are for 1980.
4. This was a temporary station installed for calibration purposes.



TABLE B-2

VELOCITY MOOEL USED FOR 1980
MICROEARTHQUAKE DATA ANALYSIS

Q!Pth (km) Velocity of P-Wave (km/sec)

0.0 - 24.3 5.90

24.4 - 40.1 7.40

40.2 - 75.9 7.90

76.0 - 300.9 8.29

301.0 - 544.9 10.40

545.0 - deeper 12.60

Note: 1. Data source is Biswas (1980).
2. S-wave velocity was determined from P-wave

velocity for eaCh layer by assuming
Vp/Vs = 1.78.
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APPENDIX C - HISTORICAL EARTHQUAKE CATALOG

This appendix lists instrumentally recorded earthquakes of (a) magnitude
4.0 or greater (includes all magnitude scales) or (b) intensity V
or greater; the earthquakes are taken from the National Oceanic and
Atmospheric Administration (NOAA) earthquake catalog within the follow
ing boundaries:

North boundary - 64'N Latitude
South boundary - 6l'N Latitude
East boundary - 146.S·W Longitude
West boundary - lS2'W Longitude

The earthquakes in the catalog are shown in Figures 4-4, 4-S, and 4-6.

The explanation for the catalog headings in Table C-l is as follows:

DATE Date the earthquake occurred, in day, month, year, ac
cording to the origin time in Universal Coordinated Time

(UCT) .

TIME - Origin time of the earthquake, in hours, minutes, and sec-
onds in Universal Coordinated Time (UCT).

LAT, LONG North latitude and west longitude of epicenter in degrees.

INTEN - Modified Mercalli Intensity of the event from felt reports.

MAG - Magnitude of the earthquake.
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SM - Type of magnitude determination.

N' - Magnitude is obtained from the source given

in conrnents

MB - Body-wave magnitude (Mbl

MS - Surface-wave magnitude (Msl

DIS - Not used.

H - Depth of earthquake (focal depth) in kilometers.

S - Source of 1ocat i on and magn itude val ues.
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PllGE 1

CIIT. DIITE TIIlE(GMTl LilT WNG SL IN'J'EN I'tI\G SM H DIS 0 S LOCf\TION AND COMMENTS
Ho. DIIY·MO YEIIR HR-'!'lIN-BEC (MM) (KM)(KMl
---------------------------------------------_.--------------------------------------------------------------------------------------

27 IIUC 1904 21 :56:06.0 04.000N 151 .OOOW VI 8.30N' 2';) N REPORTED DIIMACE :r ....
~ »

HYPOCENTER DEPTH ASSIGNED V' OJ

ORlGItllIl, DATA SOURCE = GUT .... r
0 '""AGNITlJDE(FRIIC~[ONIILNOTATION.AVE1=8.30, AUTHORITY-PAS ;<>
~ n
n ,

2 Jl ,JAN 1912 20:11:-18.0 61 ,(lOON 147, 500W 1.25N' 80 N REPORTED FELT INFOR~TION » -ORIGINIIL DATil SOURCE = G R r

MIIGtiITUDE(FRIICTIONAL NOTATION.AVE)=7.25, AUTHORITY-DAS '"»
;<>

3 7 JUL 1912 07:57:42.0 04.000N 147.000W 7.40N' N REPORTED FELT INFORMATION ....
ORIGINIIL DATA SOURCE = G R

::J:
.0

MAGNITUDE(FRIIC~IONIILNOTATION.AVE)=7.10, AUTHORITY-DAS c
»
""4 17 JUl. 1923 01:02:11.0 63.000N 147.000W 5.00N' N ORIGINAL DATA SOURCE = GUT '"

MIIGNITUDE(FR/lC~IONAL NOTATION ,AVE)=5.60. AUTHORITY-PAS n»
13:15:00.0

....
5 24 FEB 1925 61.500N 119.000W V Z N REPORTED FELT INFORMATION »

ORIGINIIL DIITII SOURCE = EllH r
0

NQN-INSTRUMENTIIL '"
6 21 JAN 1929 10: 30: 53.0 64.000N 148.000W 6.25N' N REPORTED FELT INFORftATION

ORIGINIIL DATA SOURCE = GUT
~GNITUDE(FR/ICTIONAL NOTATION.AVE)=6.25. AUTHORITY-PAS

7 3 JUL 1929 00:53:00.0 62.500N 149.000W 6.25N' N ORIGINIIL DIITII SOURCE = GUT
~G~ITUDE(FR/ICTIONIIL NOTATION,AVE)=6.25. AUTHORITY-PAS

8 4 JUL 1929 04:28:35.0 64.000N 148.000W 6.50N' N ORIGINIIL DATA SOURCE = GUT
MlIG~ITUDE ( FR/lC~IONAL NOTATION, AVE) =6 . 50, AUTHORITY- PAS

9 29 MlIY 1931 05:16:32.0 63.000N 149.000W 5.60N' N ORIGINAL DIITII SOURCE = GUT
MAG~ITUDE(FR/IC~IONAL NOTATION,AVE)=5.60, AUTHORITY-PAS

10 17 OCT 1931 12:34:50.0 63.000N 147.000W V 5.60N' N REPORTED FELT INFORMATION
ORIGINAL DIITII SOURCE = GUT
~GNITUDE(FRACTIONIIL NOTATION.AVE)=5.60, AUTHORITY-PAS

11 14 SEP 1932 08:13:23.0 61.000N 148.000W V 6.25N' 50 N REPORTED FELT INFORMATION
ORIGINIIL DIITII SOURCE = GUT
MIIGNITUDE(FR/ICTIONIIL NOTIITION.AVE)=6.25. AUTHORITY-PAS

12 4 JAN 1933 03:59:28.0 61.000N 148.000W VI 6.25N' N REPORTED DII~GE

ORIGINIIL DIITII SOURCE = GUT
~GNITUDE(FRACTIONIIL NOTATION.llVE)=6.25, IIUTHORITY-PAS

13 4 JAN 1933 04:00:00.0 61.000N 147.000W VI N REPORTED FELT INFORMATION
ORIGIN~ DIITA SOURCE = USE

14 27 APR 1933 02:36:00.0 62.000N 151 ,OOOW VI N REPORTED DA~GE

ORIGINIIL DIITII SOURCE = USE

WOODWIIRD-CLYDE CONSULTANTS



'I\CE 2

·/I'r. D/ITE TIIlE(GI'I'f) 1.111' LONG £L IN'rEN I't1\G !)t1 H DIS a B L 0 CAT ION AND C 0 1'1 1'1 E N l' S
O. "/lY-I'\O-YEilR HR ~'UN" BEe (111'1) (KI'I)( KI'I)
-----------------------------------------------------------------------------------------------------------------------------------
5 21 APR 1933 02,36,01.U 61.250N 15U.150W VII 1. DON' N REPORTED FELT INFORI'IATION ....

:PORIGIN/IL DATA SOURCE = GUT ""~GNITUDE(FRIICTION/IL NOTATION,AVE)=1.00. AUTHORITY-PAS .-...,
6 12 JUN 1933 15,23'38.0 61.50UN l50.5UOW 5.60N' N REPORTED FELT INFORI'IATION n,

ORIGINAL DATA SOURCE = GUT -~GNlTUDE( FRIICTIOIIAL NOTATIOII.AVE)=5. 60, AUTHORITY-PAS
n

1 13 JUII 1933 22,19,41.0 61 .00011 151 .OOOW 6. 2~N' N REPORTED FELT INFORI'IATION 0
:z

ORIGIN/IL DATA SOURCE = GUT ....
~GIII1~DE(FR/ICTIOIiAL NOTATIOII,AVE)=6.25. AUTHORITY-P/IS -:z

c::
8 19 JON 1933 18,41:43.0 61.250N 150.500W 6.00N' N REPORTED FELT IIiFORftIITIOIi

...,
0

ORIGIIi/lL DATA SOURCE z GUT
I'IAGliITUDE(FRIICTIONAL NOTATIOII,AVE)=6.00. AUTHORITY-PAS

9 26 JUL 1933 04,51,26.0 63.00011 141.000W S.60H' N ORIGIIiAL DATA SOURCE z GUT
I'IA(''NITUDE( FR/ICTIONAL NOTATIOII,AVE)=5. 60, AUTHORITY-PAS

'0 4 MY 1934 04,36,00.0 61.00011 148.000W VI II REPORTED DAI'IAGE
ORIGINAL D/ITA SOURCE = USE

4 MY 1934 04'36:01.0 61.250N 141.500W VI 1.20N' 80 N REPORTED DAl'lAGE
ORIGINAL DATA SOURCE z GUT
I'IAGliITUDE(FRIICTIOKAL NOTATIOII,AVE)=7.20. AUTHORITY-PAS

2 2 JUII 1934 16,45,29.0 61.250N 141.000W 6.25N' N ORIGIN/IL DATA SOURCE = GUT
MGIIITUDE(FRIICTIONAL NOTATION,AVE)=6.25. AUTHORITY-PAS

3 2 AUG 1934 01:13:00.0 62.00011 148.000W V II REPORTED FELT IIiFORl'lATIOli
ORIGINAL DATA SOURCE = USE

:4 2 AUG 1934 01:13:08.0 61.500N 141.500W V 6.00N' N REPORTED FELT IIiFORI'IATION
ORIGIN/IL D/l1'A SOURCE - GUT
~GIIITUDE( FR/lC.'TIOIi/lL NOTATION ,AVE)=6. 00. AUTHORITY-P/IS

5 18 JAN 1936 01,20,00.0 62.00011 152.000W 5.60N' II ORIGINAL DATA SOURCE = GUT
MGIIITUDE(FRIICTIOII/IL NOTATIOII,AVE)=5.60, AUTHORITY-PAS

6 23 OCT 1936 06,24:24.0 61.400N 149.100W VI II REPORTED DAMGE
ORIGIIiAL DATA SOURCE = CCS

7 24 OCT 1937 11 :36:12.u 6: .nooll 147.000W V II REPORTED FELT IIiFORl'lATION
ORIGINAL DATA SOURCE = CCS

:8 30 JUL 1941 01:51:21.0 61.00011 151.000W VI 6.25H' II REPORTED DAMGE
ORIGINAL DATA SOURCE = GUT
I'IAGliITUDE(FRIICTIONAL NOTATIOII,AVE)=6.25. AUTHORITY-PAS

'9 3 NOV 1943 14:32:17.0 61.750N 151.000W V 7.3011' N REPORTED FELT IIiFORI'IATIOIi
ORIGIIiAL DATA SOURCE • GUT

WOODWARD-CLYDE CONSULTANTS



PllCE 3

CIIT. DIITE TI PIE (GI'IT) LIlT LONG SL INTEN MG Sf!! H DIS a s L 0 C II T ION II N D C 0 H HEll T S

NO. DIIY-HO-YElIR HR-HIN-GEC (M) (KH)(KH) -i

------------------------------------------------------------------------------------------------------------------------------------ J>

H/I~~ITUDE(FRIIC~IONIILNOTIITION,IIVE);7.30. IIUTHORITY-PAS
CtI
r,..,

30 3 NOV 1943 14.32.30.0 62.000N 151 .OOOW V N REPORTED FELT INFORl1l\TION n
ORIGINIIL DIITII SOURCE : USE I

~

31 19 IIUG 1948 13.50.46.0 63.000N 150.500W 6. 25M' 100 N OUIILITBBB n
ORIGINIIL DIITII SOURCE : GUT 0

H/lCNITUDE(FRIICTIONIIL NOTIITION,IIVE):6.25. IIUTHORITY-PIIS :z
-i-

32 25 JUN 1951 16: 12:37.0 61. lOON I50 . 100W V 6.25N' 128 N REPORTED FELT INFORI1l\TION
:z
c:

ORIGINIIL DIITII SOURCE : ISS ,..,
H/lCNITUDE( FRIICTIONIIL NOTIITION .IIVE):6. 25, IIUTHORITY-PIIS

c:>

33 3 IIIIR 1954 20.46.07.0 61 .500N l46.500W V 60 N REPORTED FELT INFORI1IITION
ORIGINIIL DIITII SOURCE : USE

34 23 IIUG 1954 14.57.34.0 61.000N 148.500W V N REPORTED FELT INFORI1IITION
ORIGIH/IL DIITII SOURCE : USE

35 9 JUN 1956 02.26.57.0 64.000N 148.000W V N REPORTED FELT INFORI1IITION
ORIGINAL DATil SOURCE = USE

36 3 JAN 1960 11 .38.30.0 61 .OOON 152.000W V N REPORTED FELT INFORI1l\TION
ORIGINIIL DIITA SOURCE : CGS

37 10 H/lR 1960 00.24.20.0 64.000N 149.000W V N REPORTED FELT INFORI1l\TION
ORIGINIIL DIITA SOURCE : CGS

38 10 1liiY 1962 00.03.40.2 62.000N 150.100W V 6.00N' 72 N REPORTED FELT INFORl1l\TION
020 P liND/OR P' IIRRIVIILS USED IN HYPOCENTER SOLUTION
ORIGINAL DIITA SOURCE : CGS
II/IGHITUDE(FRIICTIONIIL NOTIITIOH ,IIVE):6. 00 , IIUTHORITY-BRK

39 29 JUN 1962 16.28.07.1 62.400N \52.000W IV 4.75M' 50 N REPORTED FELT INFORI1l\TION
ORIGINIIL DIITII SOURCE : CGS
H/lGHITUDEIFRIICTIONIIL NOTIITION ,AVE):4. 75, IIUTHORITY-BRK

40 21 OCT 1962 02.05.22.7 61 .100N 149.700W VI 80 N REPORTED DIIH/lGE
037 P liND/OR P' IIRRIV/ILS USED IN HYPOCENTER SOLUTION
ORIGINIIL DIITII SOURCE = CGS

41 13 DEC 1962 14.57.27.9 61.400N 147.200W V 69 N REPORTED FELT INFORl1l\TION
01 3 P liND/OR P' IIRRIVIILS USED IN HYPOCENTER SOLUTION
ORIGINIIL DIITII SOURCE : CGS

42 6 IIPR 1963 11.19.23.2 63.400N 149.600W ~. 30ftB 42 N 077 P AND/OR P' IIRRIVIILS USED IN HYPOCENTER SOLUTION
ORIGINIIL DATil SOURCE : CGS

43 6 IIPR 1963 12.07.08.2 63.600N 149.700W 5.001'lll 49 N 038 P liND/OR P' IIRRIVIILS USED IN HYPOCENTER SOLUTION
ORIGINAL DIITA SOURCE : CGS

WOODWARD-CLYDE CONSULTANTS
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CAT. DATE TlME(GI'IT) LIlT LONG SL IN'I'EN MG SM H OJS a s L 0 CAT ION AND COli II E N T S
NO. DAY-I'IO-YE1\R HR-MIN-SEC (1'\1'1) (KII)(K")
------------------------------------------------------------------------------------------------------------------------------------ -i

:»

2 MY 1963 23: 13:09.4 63.100N 149.900W 6.10JIB 79 N (119 P AND/OR P' ARRIVALS USED IN HYPOL'"EHTER SOLUTION
aJ

14 r
ORIGINAL DA1'A SOURCE = eGS

,.,
n

15 11 JUN 1963 13,08,31.5 63.200N 151.400W 5.10JIB 36 N 054 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
,-ORIGINAL DATA SOURCE = cas
~

n
16 2 JUL 1963 02,52'55.8 64.000N 148.400W 4.00JIB 33 N 005 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION 0

ORIGINAL DATA SOURCE = cas z
-i
~

17 22 AUG 1963 03,58,43.2 63.200N 148.500W 4.60JIB 101 N 014 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
z
c=

ORIGINAL DATA SOURCE = cr..s ,.,
0

48 3 SEP 1963 12,59,52.3 61.900N 150.400W 4.00JIB 116 N 007 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = cas

49 22 SEP 1963 20,33,47.7 62.900N 148.800W 4.00JIB 53 N 006 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

50 18 OCT 1963 08,05,22.1 62.600N 146.600W 4.20JIB 51 N REPORTED FELT INFORIIATION
011 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

51 19 OCT 1963 11:19:31.8 62.400N 149.600W 4.30JIB 96 N 009 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

52 22 H(\V 1963 20,10,40.1 63.400N 150.000W 4.1011B 156 N 006 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

53 24 NOV 1963 17,48,47.0 61 .800N 149.500W 4.3011B 36 N 009 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

54 14 DEC 1963 07,51,07.9 62.700N 149.50QW 5.101IB 95 N 025 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

55 5 JAN 1964 01,31,27.0 61.900N 149.5DOW 4.60JIB 72 N 011 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

56 28 JAN 1964 18,30,43.9 61.200N 141.aOQW 4.UOPffi 172 N 007 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

57 31 JAN 1964 04: 17: 12.4 61 .500N 151 .900W 4.90JIB )3 N 038 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

58 7 MR 1964 23,06,27.7 61.600N 151.400W 4. 4oJIB 72 N 008 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CCS

59 22 JlAR 1964 06:22:15.1 61 .300N 147.800W 4.50JIB 62 N 014 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

60 28 MR 1961 03:36: 14.0 61.U40H 141.?3QW IX B.50N' Jj S N UPLlf"1'/SUBSIDENCE ASSOCIATED WITH E1\RTIIOUAKE
T~UNAIII GENERATED BY E1\RTII011AKE

WOODWARD-CLYDE CONSULTANTS
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CIIT. DIITE Tl ru: (GI1T ) LAT LONG SL INTEN I\I\G Gil H DIS D S LOGATION AND COil Il E N T S
110. DAY-IlO-YEIIR HR-''IlN-UEC (M) (KIl)(KIl)
------------------------------------------------------------------------------------------------------------------------------------ -t

SEICHE ASSOCIIITED WITH EARTHQUAKE »
a>

REPORTED CASUALTIES r

HYPOCENTER SOLUTION DEPTH RESTRAINED BY GEOPHYSICIST
....

I~I P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION ("">,
/lORE ACCURIITE SOLUTIOIl BIISED ON DETAILED LOCAL DIITA ~

ORIGINIIL DATA SOURCE : CGS
IS06EIS/lAL /lAP PUBLISHED BY USE ("">

/lA.;HITUDE: 8.3 USIIlG IIOAA AVERAGE IlS (IASPEI FORIlULA) 0
;z

I\I\GNITUDE(FRIICTIONIIL IlOTATIOIl,AVE)-8.50, AUTHORITY-PAS -t-;z
61 28 /lAR 1964 09,26,,6.5 61 .300N 148.800W 4.4011Il )3 N 013 P AND/OR P' ARRIVALS USED IN HYPOt~ SOLUTION c

ORIGINAL DATA SOURCE • CGS ....
0

62 28 /lAR 1964 13,54,'9.9 62.100N 147.100W 4.6011Il 15 N 015 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE • CGS

63 28 /lAR 1964 15,27,30.1 61.000N 149.000W 4.7011Il 33 N 010 P A!lD/OR P' ARRIVALS USED IN HYPQCEHTER SOLUTIOIl
ORIGINAL DATA SOURCE - CGS

64 28 lIAR 1964 19,21 '38.8 61.600N 146.700W 4.6011Il 45 N 019 PAllO/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE - CGS

65 29 lIAR 1964 23,40,54.8 61 .IOON 151 .OOOW 4.7011Il 25 N 020 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE • CGS

66 30 lIAR 1964 03,35,12.0 61 .200N 151.100W 4.4011Il 30 N 007 PAllO/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE • CGS

67 30 lIAR 1964 10,47,05.9 61.500N 146.800W 4.30118 35 N 009 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE - CGS

68 30 lIAR 1964 11,35,18.8 61.500N 147.900W 4.40118 25 N 015 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE • CCS

69 30 /lAR 1964 17,~1,13.4 61.500N 150.000W 4.3011Il 40 N 017 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

70 3 APR 1964 22,33,~2.2 61.600N 147.600W V 5.70118 40 N REPORTED DAIIAGE
080 PAllO/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE - CGS
IlAGNITUDE(FRACTIONAL IlOTATIOIl.AVE)-6.00. AUTHORITY-PAS

71 7 APR 1964 03,53,57.2 61 .100N 148.700W 4.20118 33 N 011 PAllO/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE - CGS

72 12 APR 1964 14,35,39.2 61.200N 151 .100W IV 5.0011Il 28 N REPORTED FELT INFORIIATIOIl
041 PAllO/OR P' ARRIVALS U6ED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

73 13 APR 1964 17,43,26.3 61 .IOON 147.40011 4.40118 35 N 011 PAllO/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE • CGS

WOODWARD-CLYDE COIlSULTANTS
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CAT. DATE TIIlE(GIfI') LIlT LONG SL INTEN illiG SI'I H DIS a s L 0 CAT ION AND C 0 1'1 1'1 E N T S
NO. DIIY-I'IO-YEAR HR-'UN-SEC (l'1l'i ) (KI'I) (KI'I)
--------------------------------------------------------------------_ .._-------------------------------------------------------------
74 13 APR 1964 23,48,52.7 61.000N 149.300W 4. 101lll N 009 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION -<33 ""ORIGINAL DATA SOURCE = ccs CD

r..,
75 14 APR 1964 07,59,25.4 61.400N 147.000W 4.401'18 33 N 018 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION n

ORIGINAL DATA SOURCE = ccs ,
......

76 14 APR 1964 15,55,10.9 61.300N 147.300W 5.401lll 30 N 051 P AND/OR P' ARRIVALS USED IN HYPOCEIn'ER SOLUTION -
ORIGINAL DATA SOURCE = CGS n

0
z

77 14 APR 1964 16,59,30.1 61.400N 150.800W 5.101lll 35 N 036 P AND/OR P' ARRIVALS USED IN HYPOCEIn'ER SOLUTION -<......
ORIGINAL DATA SOURCE = CCS z

c:..,
78 14 APR 1964 21,33,37.3 61.000N 147.300W 4.201lll 40 N 014 P AND/OR P' ARRIVALS USED IN HYPOCEIn'ER SOLUTION 0

ORIGINAL DATA SOURCE = ccs
79 16 APR 1964 14,31,16.3 61.400N 149.200W 4.601lll 33 N 015 P AND/OR P' ARRIVALS USED IN HYPOCEIn'ER SOLUTION

ORIGINAL DATA SOURCE = ccs
80 17 APR 1964 07,26'39.0 61 .100N 149.400W 4.401'18 33 N 007 P AND/OR P' ARRIVALS USED IN HYPOCEIn'ER SOLUTION

ORIGINAL DATA SOURCE = ccs
81 20 APR 1964 11,56,41.6 61.400N 147.300W 5.701'18 30 N REPORTED FELT INFORIIl\TION

087 P AND/OR P' ARRIVALS USED IN HYPOCEIn'ER SOLUTION
ORIGINAL DATA SOURCE = ccs
I'IAGNITUDE( FRACTIONAL NOTATION ,AVE )s6. 50, AUTHORITY-PAS

8~ 20 APR 1964 IS,40,28.0 61 . SOON 147.300W 5.001'18 30 N 029 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ccs

83 20 APR 1964 16:49:41.8 61.400N 147.300W 4.201'18 33 N 009 P AND/OR P' ARRIVALS USED IN HYPOCEIn'ER SOLUTION
ORIGINAL DATA SOURCE = ccs

84 21 APR 1964 OS,01:3S.7 61 . SOON 147.400W S.401'1B 40 N REPORTED FELT INFORIIl\TION
066 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ccs
I'IAGNITUDE(FRACTIONAL NOTATION,AVE)=6.00, AUTHORITY-PAS

8S 30 APR 1964 11,SO,47.4 61.300N 147.000W 4.401'1B JJ N 015 P AND/OR P' ARRIVALS USED IN HYPOCENiER SOLUTION
ORIGINAL DATA SOURCE = ccs

86 9 MY 1964 21,06:12.2 61.700N IS2.000W 5.00Jlll 25 N 010 P AND/OR P' ARRIVALS USED IN HYPOCEIn'ER SOLUTION
ORIGINAL DIITII SOURCE = ccs

87 20 MY 1964 01,SS,23.8 61.300N 148.300W 4.001lll 33 N 006 P IUlD/OR P' ARRIVALS USED IN HYPOCEIn'ER SOLUTION
ORIGINAL DATA SOURCE = ccs

88 S JON 1964 11,SO,24.9 63.100N 151.100W 4.201lB 94 N 006 P AND/OR P' ARRIVALS USED IN HYPOCEIn'ER SOLUTION
ORIGINAL DATA SOURCE = ccs

89 16 JON 1964 10'23,39.7 61.200N 146.800W 4.501lll 40 N 012 P AND/OR P' IIRRIVALS USED IN HYPOCENTER SOLllrION
ORIGINAL DATA SOURCE = CGS

W()()[)WARD-CLYDE CONSULTANTS
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CAT. DATE THIE (GI'\T ) LIlT LONG SL INTEN MAG SM H DIS 0 S 1. 0 CAT ION AND COM MEN T S
NO. DAY-MO-YEIIR HR-rtIN-SEC (MM) (KM)(KM)
----------_._-----------------------------------------------------------------------------------------------------------------------, - --i»
90 22 JUN 1964 08,32,02.1 62. lOON 148.500w 1.10MB :n N 009 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION OJ

r
ORIGINAL DATA SOURCE = CGS '"n

91 26 JUN 1964 05,28,49.0 61.JOON 148.300W 4.30MB :n N 011 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION ,
ORIGINAL DATA SOURCE = CGS -

~

92 29 JUN 1964 07,21,32.8 62.700N 152.000W 5.60MB 33 N REPORTED FELT INFO~TION
n
0

058 P ANDIOR P' ARRIVlILS USED IN HYPOCENTER SOLUTION z
--i

ORIGINAL DATA SOURCE = CGS ~

63.4(10N 148.500W
~"

93 2/ JUL 1964 15,53,23.6 4. 20PW I I 5 N (108 P ANDIOR P' ARRIVALS IJSED IN HYPOCENTER SOLUTION '"ORIGINAL DATA SOURCE = CGS 0

94 16 AUG 1964 02,57,05.6 61.600N 150.200W 4.10MB ti) N 008 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

95 16 AUG 1964 12,30,20.6 62.100N 147.300W 4.IOMB 56 N 005 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATil SOURCE = CGS

96 20 AUG 1964 14,03,34.4 61.400N 141.500W 4.30MB 35 N 008 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

91 24 AUG 1964 01,36,23.7 61 .200N 146.800W 4.00MB 47 N 007 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

98 27 AUG 1964 10,31,59.1 63.600N 148.200W 4.20MB 106 N 000 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

99 6 SEP 1964 11,36,14.3 63.100N 147.100W 4.80MB 33 N 013 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

100 23 SEP 1964 16,31,19.1 61.600N 150.000W 4.10MB 3) N REPORTED FELT INFORMATION
005 P ANDIOR P' ARRIVALS USED IN HYPOCENTER sOLlrrrON
ORIGINAL DATA SOURCE = CGS

101 28 SEP 1964 18,30,20.2 61.000N 141.400W 4.50MB 89 N 013 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

102 3 OCT 1964 13,39,39.9 61.400N 147.100W 5, :Wf'ffi 48 N 039 P AND/OR pi ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

103 20 NOV 1964 21,21,39.5 63.700N 146.500W 4.60MB 80 N REPORTED FELT INFORMATION
(112 P AND/CIF: P' ARRIVALS USED IN HYPOCENTER SOLlJTION
ORIGINIIL DATA SOURCE = CGS

104 21 NOV 1964 07,41,01.6 ti2.tiOON 151.50QW IV 5.40MB 113 N REPORTED FELT INFORMATION
023 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CCS
M1IGNITUDE(FR1It~IONAL NOTIITION.AVE1=4.63. AUTHORITY-8RK

WOODWARD-CLYDE CONSULTANTS
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CAT. DATE TIIIE(Gi'I'r) LAT LONG SL INTEN I"l/\G SJ1 H DIS a B LOCATION AND COli 1'I E N T S
NO. DIIY-IIO-YEAR HF<-MIN-!iEC ( l'III) (Kl'I)(Kl'I)
------------------------------------------------------------------------------------------------------------------------------------

105 21 DEC 1964 18,32,03.0 63.100N 150.300W 4.8011B I I I N 018 P AND/OR P' ARkIVALS USED IN HYPOCENTER SOLUTION --i»
ORIGINAL DATA SOURCE = CGS OJ

r,..,
106 1 JAN 1965 20:02:38.0 61.100N 148.900W 4.3011B 33 N 008 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION n

ORIGINAL DATA SOURCE = CGS I-
101 11 JAN 1965 16,51,21.0 61 .100N 151.000W 5.4011B 59 N 022 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION 8lORIGINAL DATA SOURCE = CGS

2::

108 8 FEB 1965 03,31:34.8 63.400N 151.100W 4.5011B 31 N 01 1 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION --i

ORIGINAL DATA SOURCE = CGS ~;Ic·,..,'
109 25 FEB 1965 02:02:31.4 61 .200N 146.100W 4.5011B 40 N 015 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION 0'

ORIGINAL DATA SOURCE = CGS
~.

110 1 III\R 1965 lJ:56:01.4 61.100N 141.100W 4.0011B 43 N 010 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

1 ~ 1 8 lIAR 1965 12:04:21.0 62.500N 150.400W 4.5011B 104 N 016 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

112 10 III\R 1965 20:29:34.5 62.500N 141.300W 4.8011B 85 N 011 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

113 19 APR 1965 01: 15: 54. 4 62.100N 150.200W 4. I olIB 83 N 01 4 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

114 9 /lAY 1965 14:21: 18.6 63.200N 149.200W 4.0011B II I N 010 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

115 11 /lAY 1965 11:31:38.3 61.400N 149.600W IV 5.5011B 58 N REPORTED FELT INFORIIATION
015 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS
/lAGNITUDE(FRACTIONAL IIOTATION,AVE)=5. 75. AUTHORITY-PAS

116 2 JON 1965 00:43:04.3 62.100N '51.400W 4.5011B 24 N 016 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLlrrION
ORIGINAL DATA SOURCE = CGS

111 26 ,1UN 1965 23:13:42.4 62.800N 149.IOOW 4.8011B 15 N 020 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

118 20 JOL 1965 16:51:00.2 62.000N 141.000W 4.0011B 33 N 010 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DIITA SOURCE = CGS

119 7 AUG 1965 21: 14:43.6 61.900N 15, .OOOW 4.8011B 80 N 030 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

120 8 AUG 1965 11 : 28: 21 .9 61 .200N 149.300W 4.1011B 86 N 001 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

WfJODWARD-(~YDE CONSULTANTS
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~T. DATE TIIIE(GI'I'I') LIlT LONG SL INTEN MG SI'! H OI!.,; a s L 0 C ~ T ION AND COI'!I'!ENTS
O. D~Y.'1'\0-YEIIR HR-t'tIN-!jEC (M) (KI'!)(KI'!)
-----------------------------------------------------------------------------------------------------------------------------------

21 13 ~UG 1965 15,19,17.2 61 .200N 151 .400W 4.2011B 92 N 019 P ~ND/OR p' ~RRIV~LS USED IN HYPOCEN'tER SOLlrrION
ORIGIN~L DATA SOURCE = CGS I,

22 16 OCT 1965 11,45,25.1 63.100N 150.300W 4.6011B 84 N 014 P ~ND/OR P' ARRIV~LS USED IN HYPOCENTER SOLUTION
ORIGIN~L DATA SOURCE = CGS

23 21 OCT 1965 12,41,28.3 61.000N 146.500W 4.0011B 1 N 014 P AND/OR P' ARRIVALS USED III HYPOCDlTER SOLUTIOIl

~
ORIGINAL DATA SOURCE = CGS

24 24 NOV 1965 08,22:39.0 63.20011 150.900W 5.0011B 129 N REPORTED FELT IIIFORIU\TIOII
031 P AND/OR P' ARRIVALS USED III HYPOCDlTER SOLUTION

:z
c:

ORIGINAL DATA SOURCE = cr.s '"
MCNITUDE( FRACTIOIlAL NOTATION ,AVE)=4. 40. AUTHORITY-BRK 0'

25 14 DEC 1965 17:54:51.4 63.60011 150.000W 4.0011B 113 N 009 P AND/OR P' ARRIVALS USED IN HYPOCDlTER SOLUTIOII
ORIGINAL DATA SOURCE = CGS

26 24 DEC 1965 16,10,01.1 62.40011 149.100W 4.2011B 95 N 008 P AND/OR P' ARRIVALS USED" III HYPOCDlTER SOLUTIOIl
ORIGIIIAL DATA SOURCE = CGS

21 18 JAN 1966 21,28:51.5 61.40011 151 .900W 4.1011B 80 N REPORTED FELT IIIFORIU\TIOIl
011 P AND/OR P' ARRIVALS USED IN HYPOCDlTER SOLUTIOIl
ORIGIIIAL DATA SOURCE = CGS

28 18 JAN 1966 21,46:01.5 61.50011 150.100W 4.101IB 69 N REPORTED FELT IIIFORlU\TIOII
011 P AND/OR P' ARRIVALS USED IN HYPOCEIlTER SOLUTION
ORIGINAL DATA SOURCE = CGS

29 24 JAN 1966 ",41,25.' 62.60011 151 .600W 4.2011B 41 N 010 P AND/OR P' ARRIVALS USED IN HYPOCEIlTER SOLUTION
ORIGINAL DATA SOURCE = CGS

30 3 MR 1966 17'31:03.1 61.40011 150.600W 4.0011B 53 N REPORTED FELT INFORlU\TION
010 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

31 19 MR 1966 09:33,43.8 62.40011 151.200W 4.3011B 86 N 018 P AND/OR P' ARRIVALS USED IN HYPOCDlTER SOLUTION
ORIGINAL DATA SOURCE = CGS

n 22 MR 1966 10: 28: 59. 9 61 .200N 151.600W 4.2011B 103 N 019 PAllO/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

33 25 MR 1966 01,15,11.8 62.600N 151 .OOOW 4.4011B 106 N 005 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

34 11 lIPR 1966 18,49,51.3 63.800N 151 .400W 4.1011B 41 N 001 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

35 liMY 1966 01 :26:24.3 62.800N 150.100W 4.6011B 99 N 023 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

WOODWARD-CLYDE CONSULTANTS
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CIIT. DIITE TIIIE( GIf!') LilT LONG BL INTEN Me $1'1 H DIS a !.i L 0 CAT ION AND CO~~ENTS

NO. DAY-I1O-YEAR HR-MJN-m·:c (/Ill) (K~)( KI1)
------------------------------------------------------------------------------------------------------------------_ .. _---------------
136 19 JUN 1966 12,56,,4.3 63.300N 15\ .400W 4.3011B 136 N 012 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION -<

:J>
ORIGINAL DATA SOURCE = CGS ""r,..,

\37 22 JUN 1966 11 ,38,50.1 61 .300N 141.100W 5.2011B 28 N REPORTED FELT INFORI11ITION
013 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION n,
ORIGINAL DATA SOURCE = ccs .....
I11IGNITUDE( FRACTIONAL NOTATION ,AVE)=5. 13. AUTHORITY-PIlL

n
138 11 JUL 1966 08,46,21.1 62.000N 15\ .900~ 4.5011B 1\9 N 041 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

0
;z

ORIGINAL DATA SOURCE - CGS -<-;z
139 30 AUG 1966 20,20,53.9 61 .300N 141.500W V 5.8011B 35 N REPORTED FELT INFORl11lTION c,..,

143 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION 0

ORIGINAL DATA SOURCE - ccs
I11IGNITUDE( FRACTIONAL NOT/ITION .AVE)-5. 88, AUTHORITY-PAS

140 20 AUG 1966 20,23,,8.2 61 .500N 141.500W V S.SOIlB )) N REPORTED FELT INFORI11ITION
019 P lIND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ccs
MGNITUDE(FRACTIONAL NOTATION.AVEl-5. 00. AUTHORITY-BRK

141 31 AOG 1966 14, 10,43.9 64.000N 146.800W 4.101IB 28 N 012 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE - ccs

142 1 SEP 1966 23,19,08.1 61.100N 149.100W 5.1011B 63 N REPORTED FELT INf'ORI11ITION
019 P AIlD/OR P' ARRIVALS USED IN HYPOCENTER SOLUTIOH
QRIGIHAL DATA SOURCE - ccs

143 9 SEP 1966 12,24,03.3 61.400N 146.900W 4.0011B 33 N 016 P /\HD/OR P' ARRIVALS USED IH HYPOCENTER ~LUTION

ORIGINAL DATA SOURCE - ccs
144 9 SEP 1966 15,36,51.3 61.400H 141.800W 4.4011B 58 N 015 P AIlD/OR P' ARRIVALS USED IH HYPOCENTER SOLUTIOH

ORIGINAL DATA SOURCE - CGS

145 1 OCT 1966 20,55,56.4 61.100N ISO.l00W 5.6011B 51 N REPORTED FELT INFORl11lTION
I 15 P /\HD/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE - ccs

146 11 OCT 1966 16,49,49.2 62.600N 148.800W 4.2011B 54 N 015 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINIIL DATA SOURCE - CGS

141 11 DEC 1966 19,22,00.6 62.100N 150.900W 4. 1olIB 10 N 006 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINIIL DATA SOURCE - ccs

148 16 DEC 1966 21,59,46.2 61 .400N 149.500W 4.1011B 53 N REPORTED FELT INFORl11lTION
012 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE - ccs

149 13 J/\H 1961 09,37,55.9 63.221N 150.893W 4.0011B 120 N 019 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE - CGS

WOODWIIRI>-CLYDE CONSULTANTS



WOODWARD-CLYDE CONSULTANTS



PI\GE 12

CI\'r. DATE THIE (GI'I'r) LJlT !.ONG r.;L INTEN !'tAG S!'t H Dlr.; a r.; L(\CAT.II)N AND COM MEN T S
NO. DAY-MO-YEAR IH-:- MI N- t;F.c (1'11'1) (KM) (KM)
---------------------- -------------------------------------------------------------------_._- -----------------------------------_. ....

~
a>

164 10 NOV 1967 18:29:~7.3 62.300N 151. 400W 4.90MB ';:-10 N (141 P AND/OR P' ARRIVAL!; USED IN HYPOCENTER SOLtrrTON
,---
en

ORIGINAL DATA SOURCE ~ CGS n

14 NOV 1967 00:22:10.0 61 .~OON 1~1.~OQW 4.(1(1"9
,

165 ::n N 009 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLllTION ......
ORIGINAL DATA SOURCE ~ r;cs

n

166 22 NOV 1967 02,44,26.3 63.600N 147.200W 4.301'18 2 N 029 P AND/OR P' ARRIVAL!; USED IN HYPOCENTER SOLUTION
0
:z

ORIGINAL DATA SOURCE ~ CGS ..........
:z

167 4 DEC 1967 08,19,08.5 62.400N 151.800W 4.90MB 96 N 028 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLlrrION c:
en

ORIGINAL DATA SOURCE ~ CGS 0

168 10 DEC 1967 03,13,34.8 61.400N t47.40UW 4.201'Us JO N 010 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

169 21 I'I1IR 1968 11,33,24.3 62.400N tSO.600W 4. 1O/'lIl 72 N 021 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

170 8 APR 1968 03,)2,48.4 61.S00N 147.800W 4.20/'lIl 48 N 02S P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

171 30 APR 1968 17,39,40.2 62.000N lSI .100W 4.00/'lIl 78 N 016 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

172 18 MAY 1968 06,~0,27.4 61.200N 147.600W 4 . 30MB 33 N REPORTED FELT INFORIIATION
HYPOCENTER SOLUTION HELD AT 33 KI'I (NORMAL DEPTH)
014 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = USE

173 29 MAY 1968 15,25,39.0 62.300N 149.100W 4.00/'lIl ~l N REPORTED FELT INFORIIATION
01) P AND/OR P' ARRIVAL!; USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = USE

174 15 JON 1968 13,38,06.5 61 . (lOON 146. ~-lOOW 4.901'tB 19 N REPORTED FELT INFORIIATION
038 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = USE

175 7 JUL 1968 01: 10:29.5 61.2S2N 147.289W 4.801'18 14 N 019 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

176 3 AUG 1968 07, SI, 13.1 61.754N 151.349W 4. 10/'lIl 60 N 014 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE ~ CGS

177 31 AUG 1968 17,47,06.9 61 .734N I~O.91IW 4 . 101'11\ 66 N 013 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLlrrION
ORIGINAL DATA SOURCE = CGS

17d 22 BEP 1968 06,13, S6.6 61 . 184N I ~o .729W 4.001'18 ~I N 009 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAl. DATA SOURCE = CGS

179 4 OC'T 1968 16:27:24.5 61 .303N '47.21~W 4 . ~(Il1tt 44 N 026 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE ~ CGS

looIl'V\nWI\J)n_,"1.vn~ '''''Nr.'lT .'1'aN"T'C:



~O 1 OC'T 1968 18,54,53.6 61.400N 150.)00W IV 4.201U1 55 N REPORTED FELT INFORftATION
016 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = USE

II 28 DfX: 1968 04,,5,55.0 63.000N 148.200W 4.601U1 80 H REPORTED FELT INFORftATION
021 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = USE

~2 29 DEC 1968 20:57:01.9 62.980N 151.014W 4.001lB 139 N 010 P lIND/OR P' ARRIVALS USED IN HYPOCDrI'ER SOLUTION
ORIGINAL DATA SOURCE = CGS

n 31 lIAR 1969 11:44:20.8 63.611N 141.681W 4.101U1 9) H 01 I P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

~4 4 IIAY 1969 09:28:00.1 63.549N 148.691W 4.201U1 33 N HYPOCEIlTER SOLUTION HELD AT 33 KN (NORIlAL DEPTH)
019 P AHD/OR P' /lRRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

15 10 I1lIY 1969 21:16:04.1 62.991N 151.143W 4.001lB 111 N 01 I P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

'6 9 JUN 1969 08: 02: 11.2 62.400N 149.000W 4.101lB 54 N REPORTED FELT INFORftATIOIl
022 P AIIIl/OR P' ARRIVALS USED IN HYPOCEN'IER SOLUTION
ORIGINAL DATA SOURCE = USE

17 11 JIlL 1969 22:03:36.1 63.918N 147.480W 4.201lB 12 N REPORTED FELT INFORftATION
018 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

a8 6 Aoo 1969 00:38:42.8 61 .400N 150.700W IV 4.80/Ul 53 N REPORTED FELT INFORftATION
022 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = USE
IIAGNITUDE(FR/ICTIONAL NOTATION ,AVE)=4. 80, AUTHORITY-

~9 18 Aoo 1969 13:57:10.0 62.254N 150.426W 4.10/Ul 60 * N 009 P lIND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
110/1/1 FEELS THIS IS A LESS RELIlUlLE SOLUTION
ORIGINAL DATA SOURCE = CGS

'0 16 OC'T 1969 21 :00:46.5 62.500N 151 .300W 4.001lB 94 N REPORTED FELT INFORftATIOIl
016 P lIND/OR P' IIRRIVALS USED IN HYPOCENTER SOLUTIOIl
ORIGINAL DATA SOURCE = USE

~1 4 DfX: 1969 10:06:21.5 63.085N 151.833W 4.001Ul 44 N 013 P lIND/OR P' ARRIVALS USEil IN HYPOCEN'I'ER SOLUTION
ORIGINAL DATA SOURCE = CGS

J2 30 JIIN 1910 09:15:34.9 61.492" 146.624W 3.901Ul 33 N HYPOCEN'IER SOLUTION HELD liT 33 KIl .( IIORftAL DEPTH)
014 P lIND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATil SOURCE = CGS
LOCAL IIAGNITUDE = 4.10 SCALE -ttL AUTHORITY= CGS

lICE 13

~T. DATE TII'IE(Crrr)
). DAY-ftQ-YEIIR HR-NIN-SEC

LIlT LONG SL INTEN MG Sf' H DIU a 1i
(NN) (KN)(KN)

L 0 CAT ION AND CON N E H T S

....
:»
co
r
rn

n
I-

n
o
:z....:z
c::
rn
o
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PAGE 14

CAT. DATE TIftE(G~)
NO. DAY-nQ-YEAR HR-ftIN-SEC

LIlT LONG SL INTEN Me; SI'I HOI!; a !;
(M) (Kft)(Kft)

L 0 CAT ION AND C 0 ft ft E N T S

193 28 FEB 1970 06:56:49.9 63.073N 150.563W 4. I oPUt 120 N 017 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

194 15 I11IR 1970 12:58:24.9 62.750N 150.839W 4.0011B 100 N un P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

195 1 MY 1970 20: 58: 1 2.5 63.600N 149.40UW IV 4.0011B 3) N REPORTED FELT INFQRMTION
015 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = USE
LOCAL MGNITUDE • 4.20 SCALE =nL AUTIlORITY= CGS

198 19 JUN 1970 01 :42:11.1 63.534N 150.933W

199 10 JUL 1970 09:16:44.2 61.467N 146.545W

204 10 DEC 1970 09:46:29.0 63.061N 151.357W

205 20 DEC 1970 0~:01 :36.1 63.IOON 151 .400W

196

197

20C

201

202

203

2 JUN 1970 02:59:31.3 61.600N 151.700W

10 JUN 1970 04:15:16.8 61.311N 151.086W

15 AUG 1970 16:55:51.5 63.581N 146.983W

2 OCT 1970 05:55:40.9 62.351N 151.567W

31 OCT 1970 15:51 :38.4 62.187N 148.677W

3 NOV 1970 02:30:11.4 62.000N 151.200W

IV

V

5.5011B 95

4.0011B 64

4.2011B 33

4.2011B 35

4.3011B 33

4.1011B 84

4.2011B 44

5.6011B 70

4.3011B 118

5.3011B 130

N REPORTED FELT INFORMTION
HYPOCENTER DEPTII SOLUTION RESTRAINED WITH P-P ARRIVALS
091 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = USE
MGNITUDE(FRACTIONAL NOTATION,AVE)=4.75, AUTHORITY-BRK

N 025 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS

" HYPOCENTER SOLUTION HELD AT 33 Kft (NORML DEPTH)
0' 3 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = CGS
LOCAL MGNITUDE • 4. 10 SCALE =nL AUTIlORITY= CGS

N 036 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORI~INAL DATA SOURCE = CGS
LOCAL M(''NITUDE • 4.70 SCALE =nL AUTIlORITY= CGS

* N HYPOCENTER SOLUTION HELD AT 33 Kft (NORML DEPTH)
(108 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
NOAA FEELS THIS IS A LESS RELIABLE SOLUTION
ORIGINAL DATA SOURCE = CGS

* N 017 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
NUAA FEELS THIS IS A LESS RELIABLE SOLUTION
ORIGINAL DATA SOURCE = NOS

N REPORTED FELT INFORMTION
014 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = NOS

N REPORTED FELT INFORMTION
125 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = USE

N 021 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = NOS

N REPORTED FELT INFORMTION
HYPOCENTER DEPTH SOLUTION RESTRAINED WITH P-P ARRIVALS

WOODWARD-CLYDE CONSULTANTS
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PIIGE 15

CIIT. DIITE TIIIE(GI'IT) LIlT LOIIG SL INTEN MG SJ1 H OJr; a s LOCATION AND C 0 1'1 1'1 E N T S
NO. DAY-I'IO-YEIIR HR-I'IIN-SEC ( l'1l'i) (KI'I)(KI'I)
------------------------------------------------------------------------------------------------------------------------------------ .....

085 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION "CD
ORIGINAL DATA SOURCE = USE .-

m

206 5 JAN 1911 05,55,34.0 61.421N 141.549W 4.501'1B 46 N REPORTED FELT INFORIIATION n,
022 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION .-.
ORIGINAL DATA SOURCE z NOS -n

201 20 JAN 1911 02,01,34.3 63.i93N 150.966W 4.601'1B I 31 N HYPOCENTER DEPTH SOLUTION RESTRAINED WITH P-P ARRIVALS 0
:z

032 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION .....
ORIGINAL DATA SOURCE z NOS -:z

c::
208 23 JAN 1911 '5,12,'4.7 63.091N 150.150W 4.501'1B 112 N 013 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION m

0
ORIGINAL DIITA SOURCE = NOS

209 19 FEB 1911 04,43,43.8 63.206N 150.414W 4.001'1B I I 5 N 016 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE ~ NOS

210 21 FEB 1911 16,o8,09.1 62.514N 151.348W 4.201'1B 91 N 021 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = NOS

211 21 FEB 1971 18,10,34.6 63.075N 150.346W 4.101'1B I 15 N 014 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = IIOS

212 2 I'II\R 1971 12,46,36.4 63.394N 149.822W 4.801'1B 111 N 020 P AND/OR P' ARRIVIILS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE ~ NOS

213 9 I'II\R 1911 08,08,53.9 63.968N 149.829W 4.301'1B 14O " Q!6 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL D~~t SOURCE z NOS

214 9 I'II\R 1971 10,56, 36. 0 63.960N 149.823W 4.001'1B 138 N 013 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DIITA SOURCE = NOS

215 5 MY 1911 10,32, 44. 4 61.733" 151 . 456W 4. 101'lB 15 N 014 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = NOS

216 14 I'II\Y 1911 15'00'35.1 62.451N 151.137W 4.301'1B 82 N 020 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DIITA SOURCE = NOS

211 16 I'II\Y 1911 16,50,51.4 63.103N 148.316W 4. 101'1B n N 008 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = NOS

218 2 JUN 1911 19,06,32.9 61.030N 151.256W III 5.001'1B 29 N REPORTED FELT INFORIIATION
048 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = NOS
LOCAL I'II\GHITUDE = 5. 50 SCALE =I'IL AUTHORITY= NOS

219 26 JUL 1911 16,11,35.6 63.283N 149.126W 4. 101'lB 33 • N REPORTED FELT INFORIIATION
HYPOCENTER SOLUTION HELD AT 3J KI'I (NORIIAL DEPTH)
009 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
NOAA FEELS THIS IS A LESS RELIABLE SOLUTION
ORIGINAL DATA SOURCE = ERL
LOCAL MGNITUDE = 4.40 SCALE =I'IL AUTHORITY= ERL

WOODWARD-CLYDE CONSULTANTS



P~GE 16

C~T. D~TE TllIE(GI'IT) LIlT WNG !.:L INTEN rtAG Sill H DIS a s L 0 CAT ION AND C 0 ~ ~ E N T S
110. D~Y-I'IO-YUR HR-~IN-SEC (M) (K~) (K~)

------------------------------------------------------------------------------------------------------------------------------------

220 30 JUL 1971 02,07,52.1 62.079N 151.374W 4.20~B 8\ • N 020 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
--i
:J>

NOAA FEELS THIS IS A LESS RELIABLE SOLUTION OJ
r

ORIGINAL DATA SOURCE = ERL ..,

22' 12 SEP 197. 23046,,0.1 63.593N 150.904W 3.801'1B 8 N 011 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
n,

ORIGINAL DATA SOURCE = ERL
.....

LOCAL 1I1Ic:."NlTUDE = 4. 10 SCALE =11L AUTHORITY= ERL n
0

222 22 OCT 1971 23,,0,59.0 63.140N 151.109W 4.601'1B 133 N 027 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION :z
ORIGINAL DATA SOURCE = ERL

--i.....
:z

223 30 DEC 1971 17,56,03.5 61.145N 150.360W III 4. 101'lB 41 N REPORTED FELT INFORI'Il\TION c=..,
014 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION 0

ORIGINAL DATA SOURCE = ERL
LOCAL II1IGNITUDE = 3.70 SCALE =11L AUTHORITY= ERL

224 15 J~N 1972 09,35,44.8 63.178N 149.997W 4.00~B 91 • N 009 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOL11I'ION
NOM FEELS THIS IS A LESS RELIABLE SOLUTION
ORIGINAL DATA SOURCE = ERL

225 11 APR 1972 18,21,35.5 62.023N 150.418W 4.501'1B 18 N 025 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ERL
LOCAL II1IGNITUDE = 4.20 SCALE =11L AUTHORITY= ERL

226 16 APR 1972 18,35,39.3 63.527N 147.713W 4 . 101'lB 11 N REPORTED FELT INFORIIIITION
026 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ERL
LOCAL II1IGNlTUDE = 4.60 SC'ALE =11L AUTHORITY= ERL

227 25 APR 1972 13,35,54. I 61.984N 148.823W 4.601'1B 58 N 044 P AND/OR P' ARRIVA~ USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE < ERL

228 28 APR 1972 19,05,,5.3 63.613N 149.909W 4.701'1B 131 N 025 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ERL

229 22 JUN 1972 05,57,34.2 61.41tH 147.491W II 4.50~B 48 N REPORTED FELT INFORl'll\TION
029 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ERL

230 I OCT 1972 10,08,49.7 62.743N 149.082W II 4.70~B 76 N REPORTED FELT INFORII1ITION
036 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ERL

231 21 OCT 1972 19,52,05.4 63.154N 151.063W IV 5.401'1B 132 N REPORTED FELT INFORII1ITION
HYPOCENTER DEPTH SOLUTION RE5~INED WITH P-P ARRIVALS
071; P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLlJTION
ORIGINAL DATA SOlJRCE = ERL

232 If) FEB 1973 02:25:23.8 62.997N '~O.624W 4.30rtB 1~9 N (121 P AND/OR P' ARRIVALS USED IN HYPOl.~NTER SOLUTION
ORIGINAL DATA SOURCE = ERL

WOODWARD-CLYDE CO~SULTANTS



PT\CE 17

CAT. DATE TI lIE (c.m) L1IT LONG SL INTEN MG ~" H DIS a s L 0 CAT ION AND COli MEN T S
NO. DAY-110-YEAR HR-I1IN-SEC (M) (Kill( KI1)
------------------------------------------------------------------------------------------------------------------------------------ ....
233 5 MR 1973 08,30,49.2 63.734N 148.442W 4.001'1B 106 N 025 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION :»

'"ORIGINAL DATA SOURCE = ERL r.....
234 16 MR 1973 02,49,19.4 62.218N lSI .056W 4 . 301'1B n N U35 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION n

•ORIGINAL DATA SOURCE = ERL ....
235 24 MR 1973 07,51,43.5 63.218N 150.833W 4.2011B In N UI4 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION n

ORIGINAL DATA SOURCE = ERL 0
:z....

236 4 APR 1973 15,13,26.6 62.974N 150.835W 4.2Urom 124 N 021 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION ....
:z

ORIGINAL DATA SOURCE = ERL c::.....
0

237 22 APR 1973 03,40,54.1 63.597H ISU.946W 4.401'1B 14 N 0)0 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ERL
L~:AL I1AGNITUDE = 4.50 SCALE =11L AUTHORITY= EHL

238 18 MY 1973 18,32,55.7 63.070N 150.951W 4.70MB 128 N (135 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ERL

239 25 MY 1973 03,10,,5.0 63.205N 150.741W 4.001'1B 128 N 023 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ERL

240 22 JUL 1973 07,33,43.8 63.803N 149.ll0W 4.IOKII t:W N (114 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ERL

241 19 AUG 1973 17,34,51.3 63.235N 150.426W 4.1011£1 130 N 017 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = ERL

242 31 AUG 1973 02,30,57.9 61.096N 147.414W III 5. 1011£1 49 N REPORTED FELT INFORMATION
100 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
QRIGINAL DATA SOURCE = GS
I1AGNITIJDE = 5.0 USING NOAA AVERAGE liS (IASPEI FORI11JLA)

243 6 SEP 1973 10,59,36.7 61 .039N ·146.B28W III 5.50rm 29 N REPORTED FELT INFORMATION
HYPfJCENTER DEPTH SOl.UTION RE~"TRAINED WITH P-P ARRIVALS
087 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLI11'ION
ORIGINAL DATA SOURCE = GS
MGNITUDE ~ 5.3 USING NOAA AVERAGE liS (IASPEI FORMIJLA)
LO~AL I1AC.~ITUDE = 5.50 SCALE =11L AUTIIORITY= PMR

244 24 JAN 1974 18,13,26.8 61.588N 147.626W V 4.8011£1 40 N REPORTED FELT INFORMATION
65 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

')RIGINAL DATA SOURCE = GS
LO:AL I1AGNITUDE = 5.20 SCALE =I1L AUTHORIT'{= PI1R

245 2 FEB 1974 15,55,28.3 61.602H t47.603W 5.101'IB 48 N RP.PORTED FELT INFORMATION
81 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLI11'ION

0RIGINA.. DATA SOURCE = GS
I1AGNITUDE = 4.7 USING NOAA AVERAGE liS (IASPEI FORMULA)

~)DWARD-CLYDF. CON~ULTANTS



PI\CE III

C~T. DIIT!; TlI'IE( GIl1') LIlT IhNG !.;I. lNTEN "'AG t:'" H DJt: a t: l.OCATI('N ~ N D COM MEN T S
NO. D~Y-MO-YE~R IU(-"']N-~OC (MM) (KM)(KM)
----------_._-----------------------------------------------------------------------------------------------------------------------

246 5 FEB 1~74 02,25,n.o 62.703N 148.854W V 5.00MB 75 N RE!'ORTED FELT INFORMIIT ION
.....
:J>

61 P AND/Of( V· ARJ.:IVAL!.i U!.,;ED IN HYPOCENTER SOLtrrION' <X>

I)RTGIHAl. DI\TA SOIJRCE = GS
r
m

24"1 15 FEB 1974 06,06,28.5 6).144N 150.163W 4.S0MB 126 N 32 I' liND/OR P' IIHRIVIIJ.S USED IN HYPOCENTER SOLUTION
n,

ORIGINIIL DATil SOURCE = GS .....

248 10 MIIR 1974 10,00,14. I 63.160N 1~(I.50)W 4. '='O"'B I I? N REPORTED FELT INFORMATION n

36 I' AND/OR 1" ARRIVAl.!: USED IN HYPOCENTER SOLUTION
0
:z

ORIGINAL DATA SOURCE = GS ..........
:z

249 B MIIY 1974 04,27,,3.1 63.669N 150.727W 4.60MB II N REPORTED FELT INFORMATION c
m

62 I' AND/OR 1" IIRRIVALS USED IN HYPOCENTER SOLUTION 0

ORIGINAL DATA SOURCE = GS
LOCAL MIIGNITUDE • 4.70 SCALE -=1'tL A\ffllORITY' pMR

250 21 MAY 1974 23,31,41.2 63.312N 151.245W II 4.20MB 12 N REPORTED FELT INFORMATION
29 I' liND/OR p' IIRRIVALS USED IN HYPOCENTER SOLUTION

ORIGINAL DIITA SOURCE = GS
LOCAL MAGNITUDE = 4.60 SCALE 'ML A\ffllORITY' pMR

251 24 JUH 1974 21,20,22.1 63.167N 149.881W 5.501\Il 75 N 18 I' AND/OR p' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE • GS

252 11 JUL 1974 02,17,57.8 62.388N 151 .253W 4.2011B 92 N 25 I' AND/OR p' ARRIVALS USED IN HYPOCEIn'ER SOLUTION
ORIGINAL DIITA SOURCE = GS

253 13 JUL 1974 14:48:50.0 62.227H I~' .217W IV 4.4011B 85 N REPORTED FELT INFORMATION
30 I' liND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

ORIGINAL DATA SOURCE • GS

254 1 DEC 1974 15:56,32.3 62.210N 150.532W 4.001\Il 64 N 20 I' AND/OR p' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

255 10 DEC 1974 16:05,18.2 61.808N 146.893W 4.401\Il 27 N I 1 I' AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS
~~AL M~GNITUDE = 3.30 SCALE =ML AlrrHORITY= pMR

256 29 DEC 1974 18:25:00.7 61 . 597N I50. 51 1W V 5.6011B 67 N REPORTED FELT INFORMATION
HYPOt~ DEPTII SOLUTION RE~~R/lINED WITH 1'-1' ARRIVALS

81 I' AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DIITA SOURCE = GS

257 30 DEC 1974 03,33: 16.6 61.982N 149.686W V 5.1011B 62 N REPORTED FELT INFORMATION
HY!'Ot~HTER DEPTH SOLUTION RESTRAINED WITH P-P ARRIVALS

88 I' AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

258 1 JIIN 1975 03,55"2.0 61.909N 149.738W V 5.90"'11 66 N REPORTED DAMAGE
118 I' AND/OR 1" ARRIVALS USED IN HYPOCENTER SOLUTION
')RIGINAL DIITA SOURCE • cs

WfJOOWARD-CLYDE CONSULTANTS



PIIGE 19

CIIT. OIlTE Tn'E (GI1'I') LIlT LONG SL INTEN Me; SI1 H DIS a s L 0 CAT ION AND C 0 /'I /'I E N T S
NO. OIlY-/'IO-YEl\R HR-/'IIN-SEC ( /'1/'1) (K/'I)(K/'I)
------------------------------------------------------------------------------------------------------------------------------------

-<
259 13 JAN 1975 00,31,55.6 61.434N 150.494W IV 4.601'!B 66 N REPORTED FELT INFORJ'!l\TIOIl :»

CD
45 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION ,.-

ORIGINAL DATA SOURCE = GS rT1

n
260 20 JAN 1975 05,51,23.1 63.770N 149.233W 4.401W 123 N 19 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION I.....

ORIGINAL DATA SOURCE = GS
~

n
261 12 FEB 1975 15,45,35.1 63.518N 146.725W IV 4.001W 33 N REPORTED FELT INFORJ'!l\TION

!IIHYPOCENTER SOLUTION HELD AT 33 K/'I (NORJ'!l\L DEPTH)
J2 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

ORIGINAL DATA SOURCE = GS
LOCAL /lAGNITUDE = 4. SO llCAlX =I'IL Al1n!ORITY= PIIR rT1

'"
262 12 /'IlIR 1975 14,05,31.5 61.915N 150.307W 3.901'!B 10 N REPORTED FELT INFORIIATIOIl

22 P AND/OR P' ARRIVALS USED IN HYl'OCEN'tER SOLUTION
ORIGINAL DATA SOURCE = GS
LOCAL /lAGNITUDE • 4.00 SCALE =1lL AUTNORITY= PIlR

263 13 APR 1975 19,32, 48.8 63.401N 149.791W 4.001W 114 N 21 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DIITA SOURCE = GS

264 18 /'Illy 1975 15:42:59.1 63.170N 150.263W V 5.401'!B 106 N REPORTED FELT INFORJ'!l\TION
HYPOCEIfl'ER DEP'nt SOLUTIOIl RESTRAINED WITH P-P ARRIVALS
223 P AND/Oll P' ARRIVALS USED IN HYPOCDITER SOLUTION
ORIGINAL DATA SOURCE • GS

265 20 /lAY 1975 16:29,50.0 63.028N 150.003W 4.201W 125 N 14 P ANO/Oll P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

..-
266 11 JUN 1975 05:14,08.2 62.165N 149.635W ~ 4.301W 59 N REPORTED FELT I'NFORJ'!l\TIOIl

41 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

267 24 JUN 1975 12:15:31.3 63.098N 150.946W 4.001lB 133 N 18 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

268 1 AUG 1975 07,04,33.0 61.919N 150.763W 4.601W 79 N 22 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

269 17 SEI' 1975 ,3,,8,,4.2 63.422H 14~.a~7W 4.601W 133 N 20 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

270 21 OCT 1975 01,16,26.7 61.313N 147.371W 4.601W )) N HYPOCENTER SOLVl'ION HELD AT 33 K/'I (NORJ'!l\L DEPTH)
17 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

ORIGINAL DIIT/I SOURCE = GS

271 24 DEC 1975 14,25,21.6 62.571N 146.193W 4.101W 72 N 28 I' AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

272 13 /'IlIR 1976 14:33:42.5 63.503N 146.673W V 3.901W 22 N Rl.'PORTED FELT INFORJ'!l\TION
17 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

WOODWARD-CLYDE CONSULTANTS



PIIGE 20

CIIT. DIITE TIru;( GI'IT)
NO. DAY-"O-YEAR HR-"IN-SEC

LIlT J~HG SL INTEN KhG SM H DIS a s
(M) (KIIl(KII)

L 0 CAT ION AND COli II E N T S

------------------------------------------------------------------------------------------------------------------------------------

213 26 III\R 1916 14,40,14.2 63.602N 141.653W

214 8111\Y 1916 1,,25,36.3 61.620N 151 .511W

215 11 /'II\Y 1916 ,6,46,,5.8 61.491N 146.966W

216 24 JUN 1916 13,36,59.2 61.965N 150.895W

277 11 JUL 1976 02,00,11.1 63.301N 150.803W

278 12 JUL 1976 01,59,,5.3 62.858N 150.682W

279 15 JUL 1976 08,09,47.4 62.700N 149.831W

280 30 JUL 1976 13,54,32.2 61.332N 141.445W

IV

IV

III

IV

4. 10/'IB 33

4.40/'IB '6

4.20ftB 67

4.80/'IB 13

4 . 50/'lll I 33

4.60/'IB 128

4.20/'IB 24

3.90/'IB 40

ORIGINAL DIITA SOURCE = GS
LOCAL /'II\(,"NITUDE = 4.20 SCALE =/IL Al1!'HORITY= P/IR

N REPORTED FELT INFORIIATION
HYPOCENTER SOLUTION HELD AT 33 KII (NORIIAL DEPTH)

26 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS
LOCAL /'II\GNITUDE = 4.20 SCALE =/IL Al1!'HORITY= P/IR

N REPORTED FELT INFORIIATION
43 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

ORIGINAL DATA SOURCE = GS
LOCAL /'II\GNlTUDE = 4.40 SCALE =/IL Al1I'IIORITY= P/IR

N REPORTED FELT INFORIIATION
18 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

ORIGINAL DIITA SOURCE = GS

N 19 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

N 26 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

N 11 P AND/OR P' ARI<IVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

N F.EPORTED FELT INFORIIATION
32 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

OHIGINAL DATA SOURCE = GS
LOCAL /'II\GIlITUDE = 4.60 SCALE =/IL Al1I'IIORITY= P/IR

N REPORTED FELT INFORIIATION
22 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

ORIGINAL DATA SOURCE = GS
LOCAL /'II\GNlTUDE = 4.00 SCALE =/IL Al1!'HORITY= P/IR

-i
»
""r,..,
n,.....
~

n
o
:z
-i.....
:z
c::,..,
o

281 27 AUG 1916 17,07,23.6 62.243N 149.471W 4.00/'lll 65 N 14 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS
LOCAL /'II\GIlITUDE = 3.70 SCALE =/IL Al1I'IIORITY= P/IR

282 30 AUG 1976 10,01,12.9 61.301N 151.431W 4. 1O/'lll 82 N 16 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

283 4 SEI' 1916 23,23,46.0 62.931N 150.653W 5.40/Ul 123 N 14 P IIND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGIIII\L DATA SOURCE = GS

284 26 SEI' 1976 08,25,41.8 61.732N 151.897W 4. OO/'IB I 10 N 12 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGIIII\L DATA SOURCE = GS

285 26 SEI' 1916 09,28,54.0 61 .412N 151.921W 4.00/Ul 95 • N 11 P /\ND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
110/\/\ FEELS THIS IS A LESS RELII\8LE SOLUTION

WOODWARD-CLYDE CONSULTANTS



PIIGE 21

CIIT. DIITE TII1E(GI1T) LIlT LONG SL I~ MAr.; SM H 015 a s L 0 CAT ION AND COMMENTS
NO. DIIY-MQ-YEJlR HR-MIN-SEC ( MM) (KM)(KM)
------------------------------------------------------------------------------------------------------------------------------------

ORIGINAL DIITA SOURCE : GS -i
OJ>

18 OCT 1976 00,36,31.6 63.290N 150.737W IV 4.90l1B 126 REPORTED FELT INFORMTION
OJ

286 N r
63 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

..,
ORIGINAL DIITA SOURCE : GS n

I
~

287 24 OCT 1976 11:19:53.7 62.647N 149.139W 4.9011B 75 N REPORTED FELT INFORMTION
96 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION n

ORIGINAL DATA SOURCE : C;S <:>
:z
-i

288 27 OCT 1976 03,43,41.4 61 .JOSH 1~1 .~4~W 4.20l'\B 90 N 15 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION -ORIGINAL DATA SOURCE : GS :z
c:..,

289 3 NOV 1976 16,40,44.6 63.085N 150.957W 4.4011B 133 N 16 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION <:>

ORIGINAL DIITA SOURCE : GS

290 4 NOV 1976 07,04,38.9 63.643N 150.839W 4. 3olIB 12 N 14 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE : GS
LOCAL IVIGNITUOE : 4. 30 SCALE :ML AUTHORITY: PMR

291 4 DEC 1976 04,20,22.8 63.214N 150.796W 4. :tol'tn 1:!9 N 14 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLIn'ION
ORIGINAL DATA SOURCE : GS

292 13 DEC 1976 17,27,53.6 61.873N 150.703W 4.3011B 74 N 15 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

293 24 DEC 1976 01,50,17.2 63.417N 151.409W 4. ION' D N HYPOt.'EIlTER SOLUTION HELD AT 33 KM (NORML DEPTH)
13 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

ORIGINAL DATA SOURCE = GS
LOCAL MAGNITUDE : 4. 10 SCALE :ML AUTHORITY= PMR

294 15 JAN 1977 21,00,43.2 62.801N 150.374W 4.3011B 100 N 16 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE : GS

295 1 FEB 1977 08,51,45.7 62.152N 151 . 285W 4.0011B 83 N 17 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

296 5 IVIR 1977 06,13,01.1 63.220N 150.509W 4.2011B 122 N 2U P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE : GS

297 20 APR 1977 15,02,51.6 62.848N 151 .046W 4.5011B 114 N 20 P lIND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE : GS

298 25 APR 1977 02,28,54.4 61.424N 147.198W 4.20N' 36 N 13 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTIOIl
ORIGIHl\L DATA SOURCE = GS
LOCAL MGNITlJDE • 4.20 SCALE .ftL AtmtoRITY- PIlR

299 1 MY 1977 01,56,00.7 63.20SN 150.869M 4.0011B 134 N 12 P IUID/OR P' l\RRIVALS USED IN IIYPOCEIITER SOLUTIOIl
ORIGIHl\L DATA SOURCE • GS

300 2 JUN 1977 16,29,46.3 61.314N 150.329M V 3.601lB 67 N REPOR'IW FELT INFQR/lI\TION
19 P lIND/OR P' l\RRIVALS USED IN HYPOCDITER SOLUTION

WOOOWl\RD-CLYDE CONSULTANTS



PIIGE 22

CIIT. Dl\TE TlI'lE (GI1T) LIlT WOO SL INTEN /'\IIG SI1 H OJ!; a .s L 0 CAT ION AND COMI1ENTS
NO. DIIY-I1O-YEAR HR-I1IN-SOC ( 1111 ) (KI1)(KI1)
-----------------------------------------------------------------------------------------------------------------------_ .. _----------

ORIGINAL Dl\TA SOURCE = GS ....
6 JUN 1977 10: 08: 11 .5 62.163N 149.548W III 4. 1011ll 60 REPORTED FEI,T INFORI1ATION »

301 N w
17 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION ..

,."

ORIGINAL DATA SOURCE = GS n
0

302 17 JUN 1977 08:26:28.9 61.492N 150.319W IV 4.301lB 74 N REPORTED FELT INFORl1ATION -30 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS n

0
:z

.sO 3 8 JUL 1977 19:59:39.9 61 .168N 150.855W IV 4.7011ll 72 N REPORTED FELT INFORl1ATION ....
73 P AND/OR P' ARRIVALS USED IN HYPOCEN'fER SOLUTION

~

:z
ORIGINAL DATA SOURCE = <;S c

,."

0
304 22 JIlL 1977 05:57:00.5 61.027N 150.401W 3.801lB 51 N REPORTED FElT INFORl1ATION

22 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = <;S
LOCAL I1ACNITUDE = 4.00 SCALE =1lL AUTHORITY= PAA

305 23 AUG 1977 13:42:40.1 63.719N 149.379W 4. 101lB 126 N 28 P ANDIOR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = <;S

306 30 AUG 1977 06:50:39.9 63.161N 151 .109W IV 5.001lB 130 N REPORTED FElT INFORI1ATION
HYPOCENTER DEPTH SOLUTION RESTRAINED WITH P-P ARRIVALS
121 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DlITA SOURCE = GS

307 9 SEP 1977 15:58:56.4 62.187N 149.527W 4.601lB 59 N REPORTED FELT INFORl1ATION
33 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION

ORIGINAL DATA SOURCE = GS

308 19 OCT 1977 02: 16:02.6 62.883N 150.559W 5.001lB 102 N 107 P AND/OR P' ARRIVALS USED IN HYPOCENT~~ SOLUTION
ORIGINAL DATA SOURCE = GS

309 6 NOV 1977 09:23:28.2 61.994N 150.734W 4.1011B 78 N 15 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

310 20 NOV 1977 18:53:57.8 62.429N 150.661W V 4.901lB 79 N REPORTED FELT INFORl1ATIOIl
61 P AIIDIOR P' ARRIVALS USED III HYPOCENTER SOLUTIOIl

ORIGIIlAL DATA SOURCE = GS
LOCAL I1ACNlTUDE = 4.90 SCALE =-tu" AUTHORITY= PAA

311 5 JAil 1978 19:56:09.8 61.32911 151 .650W III 4.4011B 110 II POSSIBLE TSUIlAI11 GENERATED BY EARTHQUAKE
POSSIBLE SEICHE ASSOCIATED WITH EARTHOUAKE
REPORTED FELT IIlFORIlATION

18 P ANDIOR P' ARRIVALS USED III HYPOCENTER SOLUTIOIl
ORIGIIlAL DATA SOURCE • GS

312 28 JAil 1978 02:25:01.6 63.06311 150.963W 4.4011B 126 II POSSIBLE TSUIlAI11 GENERATED B, EARTHQUAKE
POSSIBLE SEICHE ASSOCIATED WITH EARTHQUAKE

25 P AIlOIOR P' ARRIVALS USED III HYPOCENTER SOLUTIOIl
ORIGIIlAL DATA SOURCE = GS

WOODWARD-CLYDE CONSULTl\NTS



?AGE 23

:~T. D~TE TII1E(GI'I'r)
fO. D~Y-MO-YE~R HR-MIN-SEC

LAT LONG SL INTEN ~AC B~ H OlE a u
(MM) (KM)(KM)

LOCATION AND COM MEN T S

4 ------------------------------------------------------------------------------

113 31 MR 197B 00,38,,3.4 61.766N 151.409W IV 5. 10MB 90 N POSSIBLE TSUNAMI GENERATED BY EARTHQUAKE
POSSIBLE SEICHE ASSOCIATED WITH EARTHQUAKE
RhlPORTED FELT INFORMATION
HY~~ENTER DEPTH SOLUTION RESTRAINED WITH P-P ARRIVALS
154 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

n
n4 10 APR 1978 10:47:02.9 63.~75N 150.640W 4.20l1B 131 N POSSIBLE TSUN~MI ~~NERl\TED BY EARTHQUAKE 0

POSSIBLE GEI(~E ~SSOCIATED WITH EARTHaUAKE :z
-i

33 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION ~

ORIGINAL DATA SOURCE = GS
;z
c:
IT1

S15 5 MY 1978 05,32,47.4 63.302N 150.971W IV 5.20MB 134 N POSSIBLE TSUNA"I GENERATED BY EARTHQUAKE
0

POSSIBLE SEICHE ASSOCIATED WITH EARnIQUAKE
REPORTED FELT INFORIIATION
138 P AND/OR P' ARRIVAl.S USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

11& 12 MY 1978 12,16,03.9 62.250N 149.398W IV 5. 10MB 67 N POSSIBLE TSUNAMI GENERATED BY EARTHQUAKE
POSSIBLE SEICHE ASSOCIATED WITH EARTHQUAKE
REPORTED FELT INFORMATION
100 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

117 23 JUl. 1978 15,19,35.5 63.307N 147.256W 5.00MB 33 N POSSIBLE TSUNAMI GENERATED 8Y EARTHQUAKE
POSSIBLE SEICHE ASSOCIATED WITH EARTHQUAKE
REPORTED FELT INFORllATION
HYPOl:"EtITER SOLUTION HELD AT 33 KII (NORIIAL DEPTH)

50 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA S~URCE = GS
LOCAL MAGNITUDE = 4.80 SCALE =/IL AUTHORITY= PIIR

:18

:19

:20

8 AUG 1978 09,30,03.3 61 . 388N 146.908W

13 AUG 1978 00,49,41.0 62.280N 149.709W

22 AUG 1978 03,20'07.2 61.649N 151 .961W

IV 4.30MB 53

4.10MB 65

4.001lll 123

N POSSIBLE TSUNAMI GENERATED BY EARTHQUAKE
POSSIBLE SEICHE ASSOCIATED WITH EARTHQUAKE
REPORTED FELT INFORIIATION

54 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

N POSSIBLE TSUNAIIl GENERATED BY EARTHQUAKE
POSSIBLE SEICHE ASSOCIATED WITH EARTHQUAKE
REPORTED FELT INFORIIATION

36 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

* N POSSIBLE TSUNAMI GENERATED BY EARTHQUAKE
POSSIBLE SEICHE ASSOCIATED WITH EARTHQUAKE

18 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLllrION
NOAA FEELS THIS IS A LESS RELIABLE SOLUTION
ORIGINAL DATA SOURCE = GS

WOODWARD-CLYDE CONSULTANTS



Pl\CE 24

CAT. D~TE TIKE(GMT) LAT LONG !..:L HlrEH MAG !..:11 H DIS a s LOCATION A ~ D COM MEN T S
NO. DAY-MO-Y~R HR-MIN-SEC (MM) (KM)(KM)
------------------------------------------------------------------------------------------------------------------------------------

121 21 BEP 1978 14:45: 19.6 61 . I 08N I 51 . a08W IV 4.5DMB ~I • N POSSIBLE TSUNAMI GENERATED BY EMTHDIJAKE --i

POSSIBLE UE1CHE ASSOCIATED WITH EARTHal)A~E
»
CD

R~PORTED FELT INFORMATION r

29 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
rr,

NOAA FEELS THIS IS A LESS RELIABLE SOLUTION n,
ORIGINAL DATA SOURCE = GS ....

322 28 SEP 1978 23,53,13.7 63.986N 147.712W 4.401m 33 N POSSIBLE TSUNAMI GENERATED BY EARTHQUAKE n
POSSIBLE SEIL~E ASSOCIATED WITH EARTHQUAKE 0

:z
REPORTED FELT INFORMATION --i

~YPOCENTER SOLUTION HELD AT 33 KM (NORMAL DEPTH) ....
:z

26 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION c::
ORIGINAL D~TA SOURCE = GS

rn
<:>

LOCAL MAGNITUDE = 4.50 SCALE =ML AUTHORITY- PM

323 6 OCT 1978 05,54,05.2 61.932N 150.665W III 4.60N' 6 N POSSIBLE TSUNAMI ~~NERATED BY EARTHQUAKE
POSSIBLE SEICHE ASSOCIATED WITH EARTHQUAKE
REPORTED FELT INFORMATION

17 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS
LOCAL MAGNITUDE = 4.60 SCALE =ML AUTHOlUTY- PM

324 19 NOV 1978 12,06,13.7 63.328N 151 .119W 4.001m 33 • N POSSIBLE TSUNAMI GENERATED BY EARTHQUAKE
POSSIBLE SEICHE ASSOCIATED WITH EARTHQUAKE
HYPOCENTER SOLUTION HELD AT 33 KM (NORMAL DEPTH)

29 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
NOAA FEELS THIS IS ~ LESS RELIABLE SOLUTION
ORIGINAL DATA SOURCE = GS
LOCAL MAGNITUDE - 4. 30 SCALE =ML AUTHORITY- PM

325 24 NOV 1978 00,28,12.8 62.027N 150.519W 4.501m 74 N POSSIBLE TSUN~MI GENERATED BY EARTHQUAKE
POSSIBLE SEI~~E ASSOCIATED WITH EARTHQUAKE
REPORTED FELT INfORMATION

37 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS

326 3 DEC 1978 19,39,31.2 62.306N 149.750W IV 4.701m 74 N POSSIBLE TSUNAMI GENERATED BY EARTHQUAKE
POSSIBLE SEI~~E ASSOCIATED WITH EARTHQUAKE
REPORTED FELT INfORMATION

7B P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = G6

327 17 DEC 1978 13,)5,26.0 63.953N 147.424W IV 4.80MB 22 N POSSIBLE TSUNAMI GENERATED IIY EARTHQUAKE
POSSIBLE SEI~ ASSOCIATED WITH EARTHQUAKE
REPORTED FELT INFORMATION

88 P AND/OR P' ARRIVALS USED IN HYPOCENTER SOLUTION
ORIGINAL DATA SOURCE = GS
LOCAL MAGNITUDE - 4.60 SCALE =ML AUTHORITY- PMR

WOODWARD-CLYDE CONSULTANTS



APPENDIX 0 - SUSTINA STUDY AREA MICROEARTHQUAKE CATALOG

The catalog of microearthquakes that were recorded during the sunvner

field study of 1980 is presented in Table 0-1. The data collection

methodology is discussed in Appendix B; analyses and interpretations are

discussed in Section g. The explanation for the catalog headings are as
follows:

CAT. NO.

DATE

TIME

LAT. LONG

MAG

H

- Sequence number of the listed events.

- Date the earthquake occurred by day. month. and year

according to the origin time in Universal Coordinated

Time (UCT).

- Origin time of the earthquake in hours. minutes. and

seconds in Universal Coordinated Time (UCTI. Time is

rounded to the nearest 0.1 seconds.

- North latitude and west longitude of the epicenter in

degrees. Implied accuracy is to the nearest 0.001

oegrees (0.1 km). but uncertainty in the location is

more properly interpreted from the RMS and ERH values.

- Magnitude of the earthquake calculated using the dura
tion of coda waves. Values are calibrated to be equi

valent to local Richer magnitudes (M~).

- Depth of earthquake (focal depth lin ki1 omet ers. Va l

ues are rounded to the nearest one kilometer.

o - 1



S

L.OCATION AND

COMMENTS

NO

GAP

01

RMS

ERH

ERZ

Source of location and magnitude values; all were cal
culated by Woodward-Clyde Consultants.

Six parameters are used to measure the qual ity of the

earthquake location.

The total number of P and S arrivals used in the

locat ion.

Largest azimuthal se~aration of the stat ions, in

degrees, from the epicenter.

Distance in kilometers from epicenter to closest

station used to locate the event.

- Root-mean-square travel-time residual, in seconds,

for all the stat ions used in the 1ocat ion. The

residual is defined as (to-tel, where to is the
observed travel time and t c is the calculated tra

vel time from the earthquake focus to each station.

Greatest horizontal standard error of the epicen

ter, in kilometers.

Standard error of the focal depth, in kilometers.

D - ,
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CO" " E H T SA " 0L 0 CAT 1 0 "

we HO= 14.GAP= 236.01= 26.RftS= .25.ERH= 2.4,ERZ= 8.8

we 110= 16,GAP= 227,01= 22.RftS= .14,ERH= 1.8,ERZ= 2.0

we MO= 12,GAP= 162,01= 6.RftS= .13,ERH= 1 .6JERZ~ 2.1

we ~ 10,GAP= 210.01= 8.RftS= .30,ERH= 3.3.ERZ= 3.4

we MO= lO.CAP= 232,01= 15.RftS= . 35.ERH= 5.4.ERZ= 5.8

we NO- 8.GAP= 262,01= 9,RHS= .14.ERH= 2.6,ERZ= 2.2

we NO- 9,GAP= 299.01= 32,RftS= .2\ .ERH= 3.8.ERZ= 1.9

we NO- 14.GAP= 164.01= 5.RHS- .17,ERH= 2.3.ERZ= 2.3

we HO= 14.GAP= 212.01= 19.RftS= . 26,ERH= 2.3.ERZ= 3.7

we NO- 13,GAP= 122.01= 26.RftS= . 14,ERH= 1.5.ERZ= 2.3

we HO= 12,GAP= le5.D1= 4,RNSa .32,ERH= 2.7,ERZ= 3.5

we NO= 16,CAP= 221,01= 11 .~Sz .38,ERH= 4.4,ERZz 5.2

we NO- 14,CAPz 164,01= l.AnS= .l8,ERN= 2.9,ERZ= 6.4

we NO= 9,GAP= 124,01= 3,RMS= .17,ERH= 3.0,ERZ= 3.8

we HO= 12.GAP= 240.01= 35.RftS= .21,ERH= 3.3.ERZ= 4.9

we 110= 13.GAP= 115.01= 12.RftS= .29,ERH= 3.6.ERZ= 5.1

we HO= 15.GAP= 236.01= 33.RftS= .43,ERH= 5.2,ERZ= 6.9

we NO- 13.GAP= 137.01= 36.RftS= .20,ERH= 2.1,ERZ= 3.3

we HO= 15.GAP= 278.01= 16.RftS= .39,ERH= 5.5,ERZ= 7.8

we NO- IS.GAP= 147.01= lS._ .23.ERH- 2.5.ERZ= 3.1

we HO= II.GAP= 274.01= 8,_ .11.ERH= 2.0.ERZ= 2.1

we HO= 10.GAP= 193.01= 29,RftS= .09.ERH= 1.6,ERZ= 1.9

we ~ 12.CAP: 161,D1= l,R"S= .32,ERH= 2.8,ERZ= 3.6

we ~ 7,~ 287,01= 18,RftS= .06.ERH= 1.S,ERZ= 2.1

we NO= 9.GAP= 326.01= 27.RftS= .12,ERH= 2.9,ERZ= 1.1

19

16

15

18

15

17

15

14

16

47

73

49

55

9

54

81

45

68

61

48

15

66

62

97

68

2.11

1.75

1.54

3.03

3.11

1.40

2.77

1.34

1.87

1.96

2.55

1.46

1.93

1.70

2.81

3.68

2.53

2.61

2.81

0.93

2.16

2.05

3.24

2.34

2.21

LONe SL INTEN MAG SM H DIS D ~

("") (~)(K")
LAT

13 JUL 1980 10:17:45.0 63.173" 148.757W

13 JUL 1980 11 :15:44.2 62.426" 148.998W

12 JUL 1980 14:22:5&.S 62.480" 149.41SW

13 JUL 1980 05:57:43.0 62.596" 148.96SW

12 JUL 1980 09:13:08.2 62.617" 149.1~W

2 JUL 1980 10:42:56.5 62.874" 148.676W

2 JUL 1980 10:49:03.3 62.846" 148.848W

2 JUL 1980 22:20:11.7 62.894" 148.625W

3 JUL 1980 12:06:44.4 63.087W 147.871W

4 JUL 1980 17:33:48.8 62.557" 150.050W

5 JUL 1980 03:56:14.3 62.300" 148.383W

5 JUL 1980 06:54:09.9 62.967" 148.749W

5 JUL 1980 23:27:54.1 62.626" 148.861W

6 JUL 1980 01 :54:19.3 62.613" 148.917W

6 JUL 1980 15:29:11.0 62.491" 148.270W

7 JUL 1980 16:35.37.8 62.593" 148.886W

7 JUL 1980 18:33:35.6 62.654" 149.549W

8 JUL 1980 01:22:07.8 63.066" 149.169W

9 JUL 1980 07:03:53.4 62.701" 148.502W·

9 JUL 1980 08:27:47.4 62.939" 149.514W

9 JUL 1980 21:27:02.2 62.375" 148.660W

10 JUt 1980 03:39:49.9 62.981" 149.326W

10 JUL 1980 04:46:00.9 62.392" 148.643W

10 JUL 1980 10:54:28.0 63.175" 149.034W

11 JUL 1980 10:09:35.6 62.419" 147.992W

12

20

21

22

23

18

17

19

25

26

24

7

13

14

15

16

9

10

11

2

3

4

5

6

8

PAGE

GAT. DATE TlftE(G~)
NO. OAY-~-YEAR HR-"l"-SEC

-------:-::~-~~~:--:~~~~~::~~--::~~~:~-~~~~~::~-----------:~~:----~:-------::-:::-~:~~~::-:~~~~~:-~~~~:--~::~::::--~~~~~~:--~~~--I~
~
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16 JUL 1980 01 :10:04.8 62.530N 148.626W

17 JUL 1980 10:06:26.5 62.554N 148.346W

15 JUL 1980 16:03:24.1 62.453N 148.629W

13 JUL 1980 19:00:45.3 62.820N 148.343W

-,
Z"]C',..,:
0,

-<II».
""r-,..,
ojl
.!-..I

81
21-

COftftENTSA " 0L 0 CAT ION

we NO~ 13.GIIP= 76,01= 32,RftS= .09.ERH= 1.1 .ERZ= 1.6

we ~ 14.GAP= 271,01- 12,RftS= .14,ERH= 2.2.ERZ= 2.3

we _ 6.GAP= 225,01- 15.RftS- .08,ERH= 2.9,ERZ= 2.5

we _ 12,GAP- 208,01- 1,RftS= .27.ERH= 2.8.ERZ= 3.0

we NO=: 16.GAP= 163,Dl- 3,RftSa . 41,ER:tI= 3.1,ERZ= 7.6

we NQ& IO,GAP= 195,D1= 12,RftSa .19.ERH: 3.1,ERZ: 1.1

we NO::: 8,GAP= 247,D1- 36,RJtS- .16,ERHz 2.4.EJtZ- 63.4

we N()I:; 10,GAP= 221,Dl- 39,MS- . 29,ERHz 3.4,ERZ2 99.0
DEPTH RESTRICTED DUE TO POOR RESOLUTION.

we NOa 12,CAP= 233.D1. 13,RftSa .4S,ERH= 6.0,ERZ= 11.0

we NO= 8.GAP= 261,01: 21 ,RftS= .20.ERHz 3.5.ERZ: 4.5

we _ 15,GAP- 65.01= 15.RftS= .22.ERH= 2.6,ERZ= 3.5

we MO= 11 ,GAP= 137,D1= 4.RftSa .lO.ERN= 1.9,ERZ: 2.4

13

17

14

15

23

2

37

53

58

60

822.72

1. 59

1.59

1.75

3.40

3.46

2.08

2.02

0.72

1. 03

1.90

0.89

SL INTEN ftl\G Sft H DIS 0 S
(M) (Kft)(Kft)

LONGLIlT

15 JUL 1980 20:12:09.2 62.S83N 148.138W

15 JUL 1980 20:45:39.5 62.471N 148.290W

13 JUL 1980 20:48:41.8 62.924N 149.788W

15 JUL 1980 13:57:19.3 62.617N 148.867W

16 JUL 1980 15:12:26.9 62.743N 148.914W

17 JUL 1980 08:53:09.0 62.596N 148.901W

17 JUL 1980 12:54:14.7 62.629N 148.794W

17 JUL 1980 12:57:29.9 62.601N 148.874W

PIIGE 2

CIIT. OIlTE TIIIE(GIlT)
NO. Olly-no-YEIIR HR-ftIH-&EC

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

17 JUL 1980 15:53:21.1 62.600N 148.876W

17 JUL '1980 21 :34:03.6 62.627N 148.861W

18 JUL 1980 04:38:45.6 62.596N 148.888W

18 JUL 1980 23:40:14.2 62.871N 149.379W

19 JUL 1980 08:07:10.4 62.427" 148.458W

19 JUL 1980 10:33:13.1 62.616N 148.833W

19 JUL 1980 14:21 :23.5 63.002N 148.450W

19 JUL 1980 20:19:48.2 62.671N 149.611W

19 JUL 1980 20:40:02.8 62.475N 140.055W

19 JUL 1980 20:52:55.5 62.793N 149.474W

0.85

1. 37

1.04

2.46

1. 28

I. 00

2.22

1.20

0.:2

1.25

5

15

5

71

48

15

65

19

18

we _ 9,GAP= 222.01= 39,RftS= .19.ERH= 2.7,ERZ= 19.9

we NO- 8.GAP- 252.01- 36,RftS= .25,ERH- 6.8,ERZ= 18.5

we ~ 9,GAP= 225,Dl= 39,RKS= .30,ERH= 5.1.ERZ= 55.3

we _ 9,GAP= 113.01= 13,_ .08.ERH= 2.0.ERZ= 1.8

we NO= 8,GAP= 264,01= 23,RKC-= .01,ERH= 1.1.ERZ= 1.8

we NO=: a.GAP= 158.01= ' ,RKS= .1I,ERN"" 1.9,ERZ= 3.2

we NO= IO.CAP: 155,01= 13,RftS= .53,ERH= 9.6.ERZ= 9.3

we ~ 12,GAP= 207.01= 2,RftS= . 19,ERH' 2.7.ERZ= 1.5

we ~ 7.GAP~ 283,01' 9.RftS- .24.ERH= 6.6.ERZ= 6.6

we ~- 12.GAP= 206.01= 13,RftS= .23.ERH= 3.0.ERZ= 99.0

49

50

51

20 JUL 1980 06:12:03.8 62.890N 149.060W

20 JUL 1980 08:01 :25.9 62.417N 148.694W

20 JUL 1980 10:12:38.0 62.629N 148.776W

1. 79

1.25

0.56

6

13

12

we _ 10,GAP= 178.01' 10.RftS= .16.ERH' 1.8.ERZ· 6.1

we _ 10.GAP' 227.01= 23,RftS= .31.ERH= 3.6,ERZ= 8.3

we NO~ 8.GAP' 143.01= 4.RftS· .19.ERH' 3.9,ERZ= 4.8
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PIIGE 3

CIIT. OIlTE TlllE( G1'IT)
NO. OIlY-I1O-YEIIR HR-ftIH-SEC

LIlT LOlIG BL IHTEN "~G s" H DIS a s
(ftft) (K")(I")

L 0 CAT I 0 H A H 0 CO" ft E H T S

-------~---------------------------------------------- ------------------------------------------------------------------------------

52

53

54

55

56

57

58

59

60

61

62

63

64

M

6&

67

68

69

70

71

72

73

74

75

76

20 JUL '980 12,33,43.0 62.307H 149.673W

20 JUL 1980 14,50,02.5 62.417H 148.689W

20 JUL '980 20,01,56.6 62.625" '48.759W

2' JUL 1980 03,31"3.3 62.623" 148.781W

21 JUL 1980 04,,0,06.3 62.633H 148.752W

21 JUL 1980 09,,0,29.2 62.906" 148.838W

21 JUL 1980 13,'2,43.7 62.917N 148.761W

22 JUL 1980 12,32,46.3 62.629" 148.78.5W

22 JUL 1980 20,26,31.9 62.657N 148.709W

22 JUL 1980 23,26,35.7 62.976" 148.137W

23 JUL 1980 09,51,21.2 62.546" 148.602W

23 JUL 1980 10:07:31.8 62.472" ,48.383W

23 JUL 1980 22:24:52.2 62.402" 149.573W

24 JUL 1980 01:10:20.8 62.849N 149.709W

24 JUL 1980 06'57:07.8 62.604" 148.894W

24 JUL 1980 09:51:53.9 62.604" 148.869W

24 JUL 1980 '2:27,'1.6 62.476" 149.279W

24 JUL 1980 13:32:35.9 62.506" 149.583W

24 JUL 1980 '3:51,'1.0 62.625" 148.795W

24 JUL 1980 23:50:50.1 62.738" 149.106W

25 JUL 1980 06'19:10.6 63.043" 149.348W

25 JUL 1980 1',38,59.1 62.624" 148.797W

25 JUL 1980 18,'8,32.9 62.455N 148.436W

26 JUL '980 00,26,39.2 62.614" 149.654W

28 JUL 1980 03,31,25.8 62.502H 148.434W

1.79

1.18

0.0'

1.06

0.75

0.67

2.12

0.70

0.88

1.37

3.06

2.16

1.32

2.31

1.20

, .03

1.26

2.15

0.88

0.60

3.16

0.85

1 .18

2.00

1.59

20

17

II

II

9

11

63

12

4

7

55

50

'6

79

10

'0

65

10

79

13

25

'5

27

we ~ 13.GAP= 293.01~ 29,RftS= .30,ERH- 3.6,ERZ= '.9

we t/O- 10.GAP= 227.0'~ 24.RftS= .32.ERH= 3.8.ERZ= 6.4

we ~ 7,GAP= '53.01~ 5.RftS= .'5.ERH- 2.9.ERZ= 4.1

we NQE a,GAP= 152,01= 4.~S~ . 22.ERH- 3.8.ERZ= 6.8

we NO= 7,GAP= 143.01= 5,RftS= .11.ERH- 4.0.ERZ~ 8.4

we NO= 9,GAP= 142,01= 6,RftS= .12.ERH- 1.1,ERZ= 2.1

we MO= 11 ,GAP= 124,Dl· 8,RftS- .ll.ERH- 1.9.ERZ= 2.3

we NO= 7,GAP= 140,01. 4,MS= .09,ERH.. 1.4.ERZ= 2.9

we MO= 10,GAPz 127,01 2 9,RMS- .32,ERH- 2.1,ERZ= 12.8

we NO=: 1,GAP= 175,01. 11 ,RJIS- .21,ERH- 3.9,ERZ= 8.9

we _ 5,CIIP- 213.0'- '5,_ .04.ERH- 19.6,ERZ- 39.4

we 1'0= 14,CIIP- 222.Dl- 17.RIlS- .73.ERH- 9.0,ERZ- 9.7

tiC MO-= 11 ,GAP: 279.01. 11.RftS- .33 ,ERM- 4.4.ERZ- 2.6

we NOR 8,CAP- 268,D1. 18.RKS- .01,ERH- 2.4,ERZs 2.8
DEPTH RE&'TR.IC."l'ED DUE TO POOR RESOLl1TION.

we'MO= 9,GAP= 181,D1= 3.RrlS- .31.ERM- 3.5.£RZ2 6.6

we NO= 10.CAP: 160,01- 2,Rft6= . 34,ERH- 3.2,ERZ= 6.4

we _ 10,CIIP: 229,01= 12.RIlS= .24.ERH- 4.).ERZ= 99.0
DEPTH REh'TRICTED DUE TO POOR RESOLl1TION.

we NO= " ,CAP- 270.01= 8.RftS= .29.ERH= 5.2.ERZ= 5.7

we NO= 7,GAP= 248.01= 36.RIlS= .07.ERH- 1.3,ERZ= 4.3

we ~ 9.(~P. 152.01= 19.RftS= .29.ERH= 2.5.ERZ- 99.0

we NO= 8,GAP= 249.01= 25,RIlS= .07.ERH= 2.6,ERZ= 3.4

we MO= 1,CAP= 146.01= 3,RftS= .10.ERH= 1.4,ERZ= 3.2

we NO= 8,GAP= 253.01= 20,RftS= .11.ERN= 2.3,ERZ= 2.8

we NO= 14,GAP= 247.01= 9.RftS= .30.ERH= 3.0.ERZ= 3.2

we NO= 8.GAP= 230,01= 18.RftS= .15.ERH= 2.6,ERZ= 3.3
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PIIGE 4

CIIT. OIlTE TllIE(GIIT)
NO. OIlY-I'IO-YEJlR HR-IUN-SEC

LIlT IJ)W'; SL INTEN ftAG B~ H D1B a S
(KK) (KK)(KK)

L 0 C II T ION II N 0 COMMENTS

------------------------------------------------------------------------------------------------------------------------------------

71

18

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

28 JUL 1980 08,09,58.3 62.594N 148.880W

28 JUL 1980 11,34,47.9 63.054N 149.145W

29 JUL 1980 08,39,05.4 62.631N 148.718W

29 JUL 1980 12,44,08.0 62.921N 148.431W

29 JUL 1980 14,14,29.1 62.624N 148.196W

31 JUL 1980 06,26,15.1 63.084N 149.602W

31 JUL 1980 06,47,31.9 62.980" 149.044W

31 JUL 1980 22,07,36.7 62.600N 148.874W

AUG 1980 03,09,43.0 62.898N 148.236W

AUG 1980 05,45,,1.9 62.581N 149.004W

AUG 1980 14,57,27.9 62.590N 148.890W

2 AUG 1980 01,40,08.0 62.437H 148.115W

2 AUG 1980 06:53:10.4 62.469N 147.943W

3 AUG 1980 10:18,37.5 62.606N 148.847W

3 AUG 1980 18,59,01.0 62.605N 148.917W

3 AUG 1980 19,27,28.7 62.595N 148.924W

3 AUG 1980 22,21,31.0 62.614N 148.846W

4 AUG 1980 06:24,51.2 62.368N 148.033W

4 AUG 1980 13:47,56.2 62.611N 148.890W

4 AUG 1980 23,42,53.5 62.600" 148.911W

5 AUG 1980 01 :59,02.7 62.405" 148.004W

5 AUG 1980 03:08:56.3 62.611N 148.902W

5 AUG 1980 05:04,36.5 62.604" 148.886W

5 AUG 1980 06:01,20.2 62.910N 149.340W

5 AUG 1980 09"0,12.7 62.609N 148.919W

5 AUG 1980 12,59,27.1 63.119N 148.520W

1.4:i

1 .21

0.90

0.89

0.18

2.62

2.00

0.97

3.43

2.71

0.59

1.23

2.21

1.34

1.87

0.96

0.92

1.34

0.78

1.17

2.06

0.89

0.70

1.98

0.67

3.21

10

17

II

4

13

88

71

6

64

58

17

14

45

55

16

14

15

16

15

15

50

17

17

16

16

66

we ~ lO,GAP: 190,D1= 3,~S2 .35.ERH: J.6.ERZ= 6.9

we ~ 7.GAP: 238.01: 17.RKS: .29.ERH: 6.8.ERZ= 11.7

we NO: 8.GAP: 140.0': 4.RKS= .13.ERNz 2.2.ERZ: 4.3

we ~ 7.GAP= 119.01= 19.RftS= .10.ERH= 1 .2.ERZ= 11.4

we MO= 7,CAP= 147.01= 3.~S= .OB.ERHz 1.),ERZ= 2.5

we ~ 12,GAPo 271.01= 14,RKSa .09,ERN- 2.1.ERZ: 2.1

we ~ 13.GAP. 173.01: 8,RftS= .12,ERN= 1.8.ERZ: 1.8

we NO:= 9,GAP:s 221,01= 2.MS= .32.ERH- 4.1.ERZ= 5.9

we ~ 12,GAPz: 115,01= 16.RftS- .07,ERN""' 1.2.~ 1.5

we NO= I),CAP. 167,01= 9.RJIISlll .09,ERH- 1.2.ERZ= 1.8

we ~ 7,GAP- 191,01= 3._ .50,ERIl= 6.5,ERZ= 14.0

we MO= 1,GAP- 287,01= 13,RftS- .OJ.ERMa 1.9.ERZ- l.S

we NO= 14.GAP. 287.01= 13.RIlS- .28,ERIl- 3.7.ERZ= 3.4

we 110= 13,GAPo 160.01= l,RKf;2 . 14.ERIlz 1.7.ERZ= 2.1

we 110= 16.GAP- 159.01= 4.RKSz .37,ERIl= 2.4,ERZ= 5.9

we ~ 12,GAP2 163.01= 4.~S= .39,ERH- 2.6.ERZ= 1.0

we NO= 8.CAP: 177,01: 0.Rft&= .32.ERH- 4.8,ERZ= 7.3

we NO= 12.CAP: 298.01= 21,RftS= .1',ERHz 1.4,ERZ= 1.0

we NO= 9,GAP= 157.01= 2.RKS: .43,ERH- 4.3.ERZ: 8.7

we NO= 12,GAP=- 189,D1= 4,RftS= .41,ERH:;II: 4.1,ERZ= 1.6

we NO= 11,GAP- 288,D1= 18,RMSE .30.ERH= 4.9.ERZ= 5.6

we NO= a.GAP= 185,01= 3.RftS= . 29.ERH: 4.7.ERZ= 1.2

we NO= 10.GAP: 187,01= 2.RKS= .27.ERHa 3.3.ERZ= 5.7

we NO= 12.GAP= 223,01= 22,RKS= .33.ERN= 3.6.ERZ= 8.1

we NO= 9.GAP= 204,01= 4.RKS= .24.ERN= 2.7.ERZ= 5.1

we ~ 'O.G~P: 222.D1= 16,RKSz .12,ERH= 3.4.ERZ= 4.1

WOODWARO-CLYOE COIlSULTAIlTS
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P~GE 5

CAT. O~TE TII'IE(Gm')
NO. O~Y-I'lO-YEAR HR-MIN-SEC

LIlT LONG ~L INTEN ~G S" H DI~ a s
(MM) (r.M)(r.M)

L I) CAT ION AND COM MEN T S

----------------------------------------------------------------------------------------------------------------------------~-----~~

103

104

105

106

107

lOB

109

110

111

112

113

114

11 ~

"6

117

118

119

120

121

'22

123

124

125

'26

127

5 AUG 1980 16: 15: 14.1 62. 598N 148. 895W

6 A'~ 1980 10:00:53.1 63.016N 148.766W

6 AUG '980 " :36:50.9 62.609N 148.879W

6 ~UG 1980 15:31 :".8 62.852N 148.535W

6 AUG '980 23:50:14.1 62.859N 149.306W

7 AUG 1980 07:55:00.8 62.604N '48.804W

7 AUG 1980 09:50:30.8 62.635N 148.865W

7 AUG 1980 14:38:55.5 62.607N ,48.899W

8 AUG '980 04:59:36.6 62.6'3N 148.878W

8 AUG '980 07:39:48.6 62.608N 148.865W

8 AUG 1980 09:4' :19.7 62.603N '49.547W

8 AUG '980 12:13:00.2 62.480N 148.5'9W

8 AUG 1980 15:~1:21.6 62.624N 148.874W

9 AUG '980 01:27:".6 62.877N 148.987W

9 AUG '980 06:16:39.2 63.'29N 148.525W

10 AUG '980 '4:28:38.9 62.751N 148.243W

10 AUG 1980 16:23:45.5 63.035N 149.255W

11 AUG 1980 11 :41:02.8 62.809N 148.364W

" AUG 1980 '2:36:31.9 62.309N 148.428W

'2 AUG '980 02:15:07.0 62.370N 148.110W

12 AUG '980 06:25:45.5 62.8,6N 149.338W

'2 AUG '980 '7:46:46.6 62.427N 148.259W

12 AUG '980 21:24:35.7 62.826N 148.326W

12 AUG 1980 22:54:57.3 62.351N 150.'82W

13 AUG 1980 00:08:47.3 62.791N 148.215W

1.12

1.32

1.07

0.59

, .90

0.70

1.06

0.92

0.77

1. 15

1 .0'

1.31

1.00

, .46

1.17

1.90

1.51

0.01

1.54

1.81

1.48

2.28

1.73

1.85

3.28

14

II

15

2

n

14

14

17

16

15

4

27

17

16

6

60

13

2

44

45

16

46

64

19

61

we NO= 14,GAP= 162,D1= J,RMSz .47,ERH= 2.7.ERZs 7,8

we ~ 13,CA~ 119,01= lO,RMSz .41.ERH= 2.8,ERZ= 9.2

we NO: 14.GAP= 185.01= 2.RMS= .44.ERH= 2.8.ERZ= 7.7

we NO= lO.GAP= 94.Dl~ 22.~S= .13.ERH- .1.ERZs 23.8
DEPTH RE!.'TRICTED DUE TO POOR RESOLUTION.

we ~ 11 .~~P= 113.01= l',RftS· .12,ERH= 2.5.ERZ- 2.0

we ~ 1,GAP= 197,01= 3,RftS- .1?,ERN- 2.8,ERZ= 5.1

we NO= 8.CAP- 155,D1= 2,RftSa .3D,ERMa 4.3,ERZ- 1.4

we NO= 11 .~~ 186,D1= 3,RftS= .27,ERH= 2.6.ERZ= 5.1

we NO= 13,GAP= 184.D1= 2.RftS= .36,ERH- 2.S.ERZ- 6.4

we NO= 12.~P= 219.01= 1,RftS- .39,ERH- 3.4.ERZ- 6.9

we NO= 10,CAP= 247.01= 11 .RftS3 .39.ERH- 6.4,ERZ- 16.2

we ~ 14.GAP= 224.01= 23.RMS= . 32.ERH- 3.5.ERZ- 4.7

we NO: 1'.GAP= 188.01= 2.RftS= .30.ERH= 2.7.ERZ- 5.7

we NO= 13.CAP= 100.01 = 9.MS= .33 ,ERM- 1.8 .ERZ- 5.1

we NO: 7.GAP= 253.01: 17.RIlS= .17 .ERH= 2.8 .ERZ= 10.2

we NO= 13.GAP= 185,01= 18.RftS= .13.ERH= 2.0.ERZ- 2.2

we NQc 8.CA~ 241.01= 42.RftS= .28,ERMg 4.2,ERZz 17.3

tIC NO- 8.GAPs 144.01= 21.MS= .08,ERH- .5,ERZ- 15.1
DEPTH RESTRICTED DUE TO POOR RESOLUTION.

we NO= 10,GAP= 290.01= 32,RftS= .17,ERH= 2.8.ERZ= 3.9

we N<r- 8.GAP: 296.01= 2' .RIIS: .06.ERHc 1.2.ERZ= 1.1

we NO= 13.CAP= 169,01= 2.RftS= .26.ERH~ 1.9.ERZ= 3.0

we NO= 12.~ 265,01= 16.RftS= .21 ,ERH= 2.7,ERZ~ 3.3

we NO: 8,GAP= 135.01= 19.RftS= .12.ERH= 2.5.ERZ= 2.5

we NO: 12.GAP= 318.01= 43.RIIS= .23.ERH= 3.2.ERZ= 1.7

we NO- 13.GAPz 97,01= 14,RnS= .23,ERH= 2.9.ERZ- 3.6

llOO!lWARD-CLYOE CONSULTANTS
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LONG SL Itn'EN MG 8M H DIS Q S
(M) (KN)(KN)

PAGE 6

CAT. DATE TIftE(GWf)
NO. DAY-MO-YEAR HR-NIN-SEC

we NO- 7,CAP: 287,01= 37.RftS- .lS,ERH- 3.7.ERZ- 99.0
DEPTH RESTRICTED DUE TO POOR RESOLUTION.

we NCP 14,GAP= 84,Dl= S.RJtSa .1S,ERH= 1.6,ERZz 2.1

we NO= 14,Q,Pa 295,01= 26,RJIlS- .29,ERH= 3.3.ERZ- '.9

we _ 10.GAP- 170,01= 1._ .40.ERHz 3.8.ERZ- 7.6

we NO::- 1'.GAP- 172.01"" 16,RIIS- .16,ERH- 2.6,ERZ- 2.7

-l
:>-
'"r...,,
Cl
I....,

na
:z
j
:z
c
~

.9.ERZ:- 1.6

CON N E N T SANDL 0 CAT ION

we NO- a,GAP- 101,01= 16,MS- .D4.ERM-

71

57

19

14

64

2.03

1.90

0.70

2.03

0.44

1. 43

LIlT

13 AUG 1980 03:32:59.1 62.662N 148.830W

13 AUG 1980 09:01:53.7 62.469N 149.928W

13 AUG 1980 14:43:58.1 62.618N 148.867W

13 AUG 1980 20:20:15.3 62.966N 149.253W

13 AUG 1980 21:01 :48.5 62.873N 148.258W

14 AUG 1980 20:40:17.7 63.290N 149.497W

128

133

129

130

131

132

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

14 AUG 1980 21 :33:02.0 62.821N 149.129W

15 AUG 1980 00:55:29.4 62.410N 148.978W

15 AUG 1980 13:13:38.4 62.447N 148.186M

15 AUG 1980 18:36:09.1 62.436N 148.314M

16 AUG 1980 11:23:28.1 62.871N 148.361W

16 AUG 1980 17:56:02.2 63.276N 148.497W

16 AUG 1980 18:36:25.7 62.891N 149.202M

16 AUG 1980 21:06:48.8 62.599N 148.890M

17 AUG 1980 13:32:54.9 62.36SN 148.311M

17 AUG 1980 14:54:41.9 62.369N 149.635W

18 AUG 1980 01:41:23.5 63.019N 148.481M

18 AUG 1980 15:39:07.6 63.098N 148.915W

Ie AUG 1980 17:01:27.1 62.497N 148.987W

18 AUG 1980 23:28:03.1 63.120N 148.845W

19 AUG 1980 00:25:37.2 62.640N 148.831M

19 AUG 1980 01:19:29.1 62.50SN 149.300W

19 AUG 1980 10:51:59.6 62.528N 149.148M

20 AUG 1980 05:34:49.0 62.451N 148.663M

20 AUG 1980 07:14:45.9 62.406N 148.248M

0.67

1.34

3.50

1 .01

1 .71

1.78

2.27

0.65

2.36

1.65

2.15

1.56

0.96

0.92

0.85

1 . 31

1.68

1. 31

3.40

17

51

56

51

60

18

63

18

48

16

14

21

12

16

11

15

15

47

we NO- 11.GAP- 127,01= 10,RNS- .35.ERH= 2.9.ERZ- 5.8

we NO- 9,GAP- 244,D1= 24,RMS- .14,ERR- 2.6,ERZz 2.9

we NO- 11 ,GAPa 262,01= 13,RftSa .12,ERH- 2.2,ERZ- 3.2

we NO- 9,caP- 261,01"" l'.RftS- .08,ERHc 1.5.ERZ- 1.6

we NO- 8,CAf2 157,0'= 21 ,RKS- .14,ERH- 2.9.ERZ- 3.2

we _ 10.GAP- 301.01= 28.RNS- . 26.ERH= 3.7.ERZ- 2.2

we HO= lS,~ '35,01= 16,RKS- .26,ERH- 2.8,ERZ= 3.7

we HI> 8,c.:APs 189,01-= 3,RJIS- .14,ERH- 3.6,ERZ- 4.9

we NO- 14,GAP= 263.01= 24,RRS- .lS.ERK- 2.7,ERZ- 2.7

we NO- 10,GA~ 28',01= 22,RIIS- . 32,ERH- S.O,ERZ- 3.0

we NO- 9.GAP- 167.01= 14.RNS- .12.ERH- 1.7.ERZ- 97.6

we NO- 8,caP- 237,01- 17 , RKS- .24,ERH- •. 1.ERZ- 9.2

we NO- a,CAP- 248.Dl a 15,RMS- .28,ERH- 9.2,ERZ- 5.1

we NO= 9,caP- 218.01= 19.RMS- .27,ERH~ 3.7,ERZz 9.6

we NO- a,CAPu 115,Dl- 3.RMS- .40,ERH- 9.6,ERZ- 7.8

we NO- 14.GAP- 215,01= 10,RMS- . 39.ERH- J.7,ERZ- 6.1

we N()a: 16.GAP= 191.D1>= 16,RJtS- .4S.ERH- J.1.ERZ- 5.2

we NO- 8.~ 264.Dl>= 21.RKS- .16.ERH= 2.4.ERZ= 3.7

we IlO= 14.GAP= 261.Dl~ 18.RNS- .60.ERH= 10.0.ERZ= 9.7

WOODWARD-CLYDE CONSULTANTS



PAGE 1

CAT. OATE TIIIE(GIfI')
00. OAY-I1O-YEAR HR-"IN-SEC

LIlT WNG ZL INTEN ~G SM H DIS a s
("") (K")(K")

L 0 CAT ION A N 0 CO" " E N T S

------------------------------------------------------------------------------------------------------------------------------------
153

154

155

156

151

158

159

160

161

162

163

164

16~

166

161

168

169

1'10

111

112

1'13

1'14

115

116

111

20 AUG 1980 13,41,41.8 62.962" 149.860W

20 AUG 1980 23,43,35.2 62.416" 148.236W

21 AUG 1980 13,01,42.5 62.596" 148.900W

21 AUG 1980 14,45,20.5 62.498" 149.012W

21 AUG 1980 16:12:01.9 62.923" 148.617W

21 AUG 1980 17,04,54.5 62.942" 148.584W

22 AUG 1980 13,24,,2.1 62.938" 150.187W

23 AUG 1980 22:00:05.0 62.954" 149.300W

24 AUG 1980 01:50:34.6 62.493" 148.926W

24 AUG 1980 04:29,43.4 62.619" 148.888M

24 AUG 1980 04:30,51.5 62.626" 148.863M

24 AUG 1980 12:44:31.1 62.961" 149.141W

24 AUG 1980 14:00:45.1 62.433" 148.657W

24 AUG 1980 16:23:06.1 62.901" 148.512W

24 AUG 1980 22:36'26.5 62.138" 148.839M

25 AUG 1980 04,45,35.3 62.895" 149.462W

25 AUG 1980 10,06:50.5 62.600N 148.897W

25 AUG 1980 ,2,,6,40.6 62.611N 148.893W

25 AUG 1980 16:11,09.4 63.130N 149.304W

25 AUG 1980 20,,0,06.6 63.070N 149.158W

21 AUG 1980 00,15,,6.0 62.428N 148.383W

21 AUG 1980 01,10,50.1 62.906N 148.810W

21 AUG 1980 09"0,13.1 62.839N 148.388W

21 AUG 1980 10,28,31.7 62.656N 149.191W

21 AUG 1980 15,40,32.8 62.490N 149.036W

1.10

2.28

1.46

0.37

1.10

0.12

1.62

1.06

1.15

1.65

1.06

2.24

1.19

O.Bl

1. 31

2.53

1.06

1.04

1 • 31

1.40

1.81

1.46

1.68

1.48

1 .18

16

43

15

20

59

1'1

70

19

1'1

16

16

45

2

59

11

15

16

1'1

8

45

65

60

61

18

we ~ 14,CAP= 285,01= 15.~S= .J2.ERH= 3.5.ERZ= 1.8

we 1lI'.>= 8.GAP= 282.01= 11.RJlS= .10.ERN= 2.I,ERZ= 2.2

we NO: 15.GAP= 163.01= 3.RJlS= . 41.ERN= 3.3.ERZ= 1.5

we NO= 11 .(~P= 223.01 c 15.RJlS= .34.ERH= 5.1.ERZ= 2.9

we MO= 10.C~P= 141 .DI= 28.RftS= .14.ERH= 2.3.ERZ= 3.1

we ~ a,GAp= 141 ,01. 1?~= . 77.ERH= S.O.ERZ= 99.0
OEPnl ~'TRICT!D DUE TO POOR RESOLIlI'IO".

we NO= 12,~P= 303.01· 40,RMS: .13,ERH= 1.S.ERZ= 1.1

we...,., lO.CAP= 229,01· 33,fUtS:- .41,ERH= 12.3,ERZz 10.5

we NO= 8.GApe 29~.Dl. 14,~Sa . 22,ERH= 3.9.ERZ- 3.5

we NO= 12,GAP= 180,0'. 2.RJIIS:- .30,ERH= 2.7.ERZ- 3.1

we MO= 12.CAP= 129.01. 2,RftS= .l8.ERM= 3.0,ERZ- 5.3

we N():a 8,GAP=: 161,01- 21,RtIS- .20,ERH- 6.3,ERZ- 4.5

Me NO= 10 ,GAp.; 236,01- 23,MS- .15 ,ERN- 2.6,ERZ- 2.3

we NO= 8.CAP= 201.01- 25.RftS= .12,ERHs 1.1 .ERZs 30.1
OEPl'lf RESTRICTED DUE TO POOR RESOLIlI'ION.

we HO= 8.GAP=: 185,01= 43,~S= .01,ERH= 1.4.ERZ= 1.9

we NO= 14,GAP=: 121,01. 9,RftS= .15,ERH- 2.4,ERZ= 2.1

we NO= 11 .CAP= 188.01~ 3.RftS~ .41.ERH= 5.1.ERZ= 8.1

we NO= 12.GAP= 185.01~ 2.RftS= .39.ERH= 3.0.ERZ= 1.0

we NO= 12.GAP= 244.01= 23.RftS= .24.ERH= 2.9.ERZc 2.6

we NO=" 9,GAP= 213.D1. 24,RIIS- .12,ERH:o: 2.1.nZ- 6.5

we NO= 13,CAP= 235,Ol::a 20,RJIIS= .09,ERH= 1.2.ERZ= 1.4

we NO=: 8,GAP= 143,01- 35,MS= .06,ERH= 1.1,ERZ= 1.6

we NO= 12.CAP= 96.01~ 23.RftS= .15,ERH= 1.6,ERZ= 2.6

W(' NO: a,GAP= 119,01- 22,RMS= .20,ERH= 5.4.ER~ 4.9

we NO: 14.GAP= 203.01= 13.RftS= .34.ERH= 3.1 .ERZ~ 3.6

WOODWARD-CLYDE CONSULTANTS
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------------------------------------------------------------------------------------------------------------------------------------
LONG SL INr£N ~C S" H DIS a s

(M) (K")(K")

181 28l1UG 1980 19:03:42.6 62.~~6N 149.011W

179 27 IIUG 1980 20'34:24.1 62.483N 148.983W

180 28 IIUG 1980 11 :30:04.2 62.592N 149.099W

....,
:>-.
tD.
r....,
o,
......

8:
:z....-:z
c:....
o
I~.

.9.9.ERZ-

CO" " E N T SII N 0L 0 C II T ION

we ~ 8,caP. 199,01- 12,RftSz .26,ERH= 6.0.ERZ- 2.5
OEPTN RESTRICTED DIlE TO POOR RESOLI1I'ION.

we NO=: 9.GAP= 277,01= l',RKS= .D6.ERMa

we NO= 11 ,~P= 216,01= 22,RftS= .41,ERN= 4.6,ERZz 9.8

we NO: 10,ClIP- 278,01= 25,RftS= .09,ERH= 1.6,ERZz 1.5

we NO= 9,~ 120,01= 4,RftS= .32,ERH- 4.0,ERZs 5.4

we HC>= 10,CAP- 227,01· 12,MS= .16,ERH= 2.0.ERZ- 1.9

we NO= 12,~P. 210,01= 9,RftS= .28,ERH- 3.1,ERZ- 2.9

we MO= 8.GAPz 192,01= l',RftS= .34,ERH::2 7.2.ERZa 5.1

we ttO= lS,GAIb" 108,01= 4,RItS= . 48.ERK- 2.8.ERZa S.O

we HO= 11,~ 212,01 a 10,RftS= .24.ERH= 2.9.ERZ- 2.1

we NO=: 14,(;AP:o: 161,01. lO.MS= .21.ERN: 2.5.ERZ:- 3.1

we NO: 10,ClIP= 218,01= 11 ,RftS= .30,ERH= 3.6,ERZ= 3.5

we ~ lO.CAP: 220.Dl z l'.RftS~ .4S.ERH= 5.6.£RZc 5.5

we ItC>- 13,caP- 163,01. l'.RJtS= .18.ERH- 2.3,ERZ=-= 2.1

we MO= 10.ca~ 264,01· 10.RftS= .23,ERH= 2.6,ERZ- 2.8

10

15

19

19

18

16

19

19

21

18

56

21

21

46

55

1. 43

1.26

1.09

1.20

1.29

1.67

1. 70

1. 18

1.09

1.53

0.59

0.65

0.96

0.85

0.92

LIlT

29l1UG 1980 19:12:18.1 62.497N 148.971W

29 IIUG 1980 19:55:43.6 62.478N 148.960W

30 IIUG 1980 00:54:36.5 62.590N 149.073W

30 IIUG 1980 06:33:17.3 62.616N 148.888W

30 AUG 1980 08:17:33.9 62.505N 148.960W

30 AUG 1980 09:05:18.1 62.509N 148.960W

30 AUG 1980 11:13:15.4 62.519N 149.296W

30 AUG 1980 15:39:48.6 62.341N 148.279W

30 AUG 1980 16:15:08.0 62.616N 148.859W

27 IIUG 1980 18:16:31.2 62.495N 149.019W

190

191

192

182 29l1UG 1980 09:12:28.2 62.496N 148.942W

183 29l1UG 1980 11 :56:49.7 62.500N 148.999W

184

185

186

187

188

1811

PIIGE 8

CIIT. OIlTE TIIlE(Glf1')
HO. OIlY-~-YEl\R HR-"IN-SEC

178

193 31 AUG 1980 10:49:53.5 62.484N 149.010W

194 31 AUG 1980 10:52:53.0 62.487N 148.942W

1.12

0.61

19

19

we NO= 16,ClIP= 204,01= 13,RftS= .32,ERH= 2.3,ERZ= 3.0

we NOm 10,ClIP= 253,01= 10,RftS= .19,ERHz 2.7,ERZ= 2.2

we ~ 14,GAP: 200,01= 12.~S= .33.ERH= 2.B,ERZ= 3.4

we NO: 17,Gl\P= 214,01= 15,RftS= .43,ERH= 3.8,ERZ= 5.6

we MO= 8,CApa 265,01= 9,RMS= .11,ERM- 1.8.ERZ= 1.1

we ltI')a 11 ,CAP- 92,01= 21,RItS= .08,ERH= 1.4.ERZ= 2.6

.8.9,ERZz

we NO: 10,ClIP= 247,01= 10,RftS= .19,ERH= 2.3,ERZ= 2.9

we NO: 12,ClIP- 279,Ol z 23,RftS= .05,ERH=

we HO= 13.~pa 141 ,01= 6.~S= .31,ERH= 2.4.ERZa 3.1

we MO= 18.~ 209,01~ 13,RNS= .41,ERMc 3.2,ERZ- 4.0

15

19

12

17

19

16

51

46

1. 23

0.77

1.40

1.62

1. 56

2.53

0.75

0.85

31 AUG 1980 15:01 :30.7 62.731N 149.769W

31 AUG 1980 22:21 :12.5 62.497N 148.937W

SIP 1980 01:49:29.8 62.895N 149.020W

SIP 1980 19:33:08.5 62.351N 148.191W

2 SEP 1980 05:18:11.4 62.471N 149.042W

2 SEP 1980 09:39:23.7 62.477N 149.011W

2 SEP 1980 09:48:50.7 62.719N 148.327W

2 SEP 1980 13:28:09.0 62.490N 149.00SW102

196

197

198

1111

100

WI

195

WOO!lWl\RD-CLYDE CONSI1LTIINTS



PACE 9

CAT. DATE TIIIE(GIft)
NO. OIlY-~-YEAR HR-ftI"-SEC

LIlT LONG SL INTER ftIIG Sft H CIS Q S
(M) CKft)(Y.ft)

L 0 C II T I 0 " A N 0 C 0 ft ft E N T S

------------------------------------------------------------------------------------------------------------------------------------
~03

~04

~05

~06

207

208

209

210

~11

212

213

214

215

216

217

218

219

2~0

221

222

223

~~4

~~5

~~6

~27

~~8

2 SEP 1980 23:12:08.2 62.868" 148.626W

3 SEP 1980 01:03:52.9 62.931" 148.132W

3 SEP 1980 05:53:34.6 62.619" 148.791W

3 SEP 1980 12:13:10.2 62.630" 149.450W

3 SEP 1980 14:33:08.0 62.490" 148.933W

3 SEP 1980 14:33:10.7 62.513" 148.942W

3 SEP 1980 15:06:44.8 62.9S8" 148.940W

4 SEP 1980 06:43:10.5 62.521" 149.015W

5 SEP 1980 07:51:50.7 62.919" 149.040W

5 SEP 1980 12:00:13.4 63.070" 148.577W

6 SEP 1980 03:41:26.1 62.663" 148.943W

6 SEP 1980 16:15:37.8 62.491" 149.005W

7 SEP 1980 11:28:34.3 62.882" 148.135W

7 SZP 1980 14:37:14.6 62.492" 148.928W

8 6EP 1980 06:40:34.9 62.929" 148.773W

8 SEP 1980 21:52:57.4 62.713" 148.394W

8 SEP 1980 23:29:29.1 62.846" 148.462W

9 SEP 1980 22:48:33.6 62.954" 148.687W

10 SEP 1980 14:09:08.5 62.486" 148.980W

10 SEP 1980 16:48:23.7 62.725" 148.252W

10 SEP 1980 22:43:22.5 62.732" 148.252W

10 SEP 1980 23:17:19.1 6~.685" 149.370W

11 SEP 1980 01 :52:2~.8 62.631" 149.476W

11 SEP 1980 03:07:51.8 62.864" 148.1 'W

11 SEP 1980 11 :40:38.4 62.513" 148.969W

11 6EP 1980 12:09:53.0 62.862" 148.153W

1.96

1. 56

0.61

1.98

1.24

1.24

1.00

0.59

0.96

1.40

1.40

1.40

I. 43

0.6'

1.76

1.48

I. 43

1.81

1.04

0.93

1 . 12

I. 01

1.00

3.37

I. 56

2.68

16

62

13

61

19

17

16

15

10

68

61

18

59

18

68

50

62

71

19

35

33

13

58

52

''>0

we NO= 14.GAP= 121 .01. 6.~S~ .2?ERHz 1 .7.ERZ- 2.9

we NO= 7.GI\P= 158.01- 14.RftS= .ls.ERH= s.9,ERZ= 4.0

we ltO= 9,CAP= 120,,01= 6.RMS= .15,ERH= 1.6.ERZ= 3.1

we NO= lJ.CAP= 192.01= 11 .RftS- .IS.ERN= 2.2.ERZ- 2.3

we NO= 10,caP* 250,01- lO.RftS= .I?,ERN= 2.9.ERZ= 2.0

we ~ IO,GAP= 239,01= 8.~= .34.ERH= 5.?,ERZ= 4.0

we ~ ?,CAP: 262.Dl= 9.~ .16,ERH= 4.',ERZ- 3.1

we NO= 1'.GAP= 184.01= 10,RRS~ .46,ERH= 4.4.ERZ= 5.5

we NO= 12.GI\P= 194.01= 8.Rft6a .77.ERN- 6.8,ERZ- 13.7

we t«>= 9.CAP= 222,01= 18.RJtS- .OJ,ERM- 1.7,ERZ=- 1.5

we NO= 16,GAP=- 115.01= 10,RPIS= .19,ERH= 1.9.ERZs 2.6

we NO= 1?,GAP: 200.01= 12,RftS= .42,!RH= 2.9,ERZs 4.0

we; ttO= 10,CAP= 133,D1& 11,MSm .12,£R}I& 2.0,ERZa 2.2

we NO= 10.GI\P= 248,01- 10,RftS= .14.ERH= 2.0.ERZz 1.7

we NO= 7,CAP= 147 ,D1 = 9,JUtS= .10 ,ERH= 2.2 ,ERZ: 2.3

we NO= 12.GI\P= 128.01 z 23.RftS= .09.ERH= 1.0,ERZ= 1.5

we NO: 10,~P= 128,D1= 23,RftS: .14.ERH= 2.6.ERZ= 2.7

we NO= 9.GI\P= 152.01 z 14,RftS= .13,ERH= 3.6,ERZ= 3.2

we NO: 13,GAP= 200.D1= 12,RftS= .30,ERH= 3.0,ERZa ~.2

we NO= 8.CAP: 138,D1= 20,R"S= .".ERN= 1.7,ERZz 2.8

we NO= 10,GI\P= 131.01= 19.RftS= .1',ERN= 1.2.ERZ= 2.3

we NO= 12,CAP= 159.D1= 13,RftS: . 26,ERH= 1 .5,ERZ= 99.0

we NO= 12,GAP= 197.D1: 10,RftS= .26,ERH= 2.4,ERZ: 3.7

we NO= 13.GAP= 110,D1= 13.RftS= .21,ERN= 2.8,ERZ- 3.5

we NO= 16,CAP= 182,01= 9,RftS= .19.ERH= 2.0,ERZ- 2.3

we ~ 15,CAP= 116,D1= 11 ,RftS= .1'.ERH= 1.1,ERZ= 1.4
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PAGE 10

CAT. DATE TlllE(GIfI')
NO. OAy-no-YEAR KR-"IN-SEC

LAT LONG BL I~ MG SM H DIS a s
(M) (K")(K")

L 0 CAT ION AND CO" " E N T S

------------------------------------------------------------------------------------------------------------------------------------

we NO= 11.GAPz 171 .01= 10.~S~ .24.ERH= 3.8.ERZ= 3.7

we MO= 13.GAP- 270.Dl= 9.RIIS= .15,ERH= 2.0.ERZ= 2.3

we NO= ?,GAp.- 149,01= ,6 , R1'S: .24,ERH= 5.3,ERZ= 6.1

n
o
:z
--;-:z
c::
l'T1
o

--;
:»
"".-l'T1

o,
~

.7.ERZ= 35.7

we MO= 8,GAP- 248.D1= 13,MS= .19,ERH- 2.6.ERZ= 3.6

we NO: 7.GAP- 205.Dl= 8.MS= .18.ERN- 2.1.ERZ= 3.7

we MO= 1'.GAP- 117.01= 5.RftSa .21.EAH- 1.7,ERZa 2.5

we ~ 8,GAP= 286,01= 10.~= .10,ERH= 1.6.ERZ= 2.2

we MO= 11 .GAP- 171.Dl= 12,RIIS- .30.ERN= 2.1.ERZ= 4.1

we MO= 13,GAP- 21~.Dl= 9,RIIS= .17,ERH= 1.7.ERZ= 3.0

we MO= 14,GAP= 26'I.D"= 5.MS= . 22.ERH= 2.1.ERZ= 1.4

we NO: 13,GAP- 127.Dl= 18.MS- . 25.ERH= 1.6.ERZ= 4.7

we HO= 13.GAP- 198.01= S,JUtS- .20,ERH- 1.8,ERZ.-"'" 3.2

we NO: 9.GAP= 172,Dl= 16.MS= .?8,ERH= 3.4,ERZ= 5.2

we MO= 7,GAP- 178,D1= 15.MS= .19.ERH= 4.8.ERZ= 5.8

we MO= 16.CAP= 212.01= 20,RftSz .2S,ERH= 1.8.ERZ= 6.8

we N<F 15,GAP= 80,01= 22,RPlS- .14.ERH- 1.S,ERZ= 1.9

we NO= 13.GAP= 190,01= l?,RKS= ,".ERM- 1 .4.ERZ= .9

we NO= 6.GAP= 105,01= 21.RftS- .OS,ERH-

we NO= 9.GAP= 167,01= 24.RKS= .06,ERHa 1.8.ERZ= 1.3

we HOe 16,~Pz 84,01= 14,RnS= .17.ERH= 1.4,ERZ= 2.2

we 110= 14,GAp:. 90,01= 6,MS- .09,ERH= 1.0.ERZ= 1.3

we NO= 12.CAP- 117,01= 6,RftS· .1?ERM- 2.6,ERZ= 3.0

we 110= 19,GAP- 118.01= 8.MS- . 36,ERH= 2.0.ERZ= 3.5

we 110= 12,GAp:. 224.01= 16.MS= . 27.ERH= 2.6.ERZ- 99.0'

we Nee lO.GAP. 134.D1= 2.RftSz .3D,ERM- 2.4.ERZ= 3.6

we NO=: 6.GAP= 282,01= 20,RPlS=z .13.ERH- S.9,ERZ- 4.6

10

17

16

10

15

12

15

14

14

13

15

53

48

67

56

63

7

23

60

60

66

8

20

62

I. 31

1 .15

2. 11

1.03

1.26

1.03

1.15

1.78

1.29

1.79

1 .51

1.60

1.45

1.70

1.09

0.50

2.34

0.39

2.43

0.85

0.65

0.70

1.32

0.82

1.60

2.66

17 SEP 1980 19:56:57.8 63.056" 149.225W

22 SEP 1980 21 :59,52.8 62.413" 148.760W

18 SEP 1980 08:33:12.6 62.490" 148.440W

18 SEP 1980 14:52:44.7 62.833" 148.615W

19 SEP 1980 11:09:03.3 62.805" 149.576W

23 SEP 1980 03:42:01.5 62.674" 149.417W

12 SEP 1980 03:37:45.9 62.842" 148.982W

12 SlP 1980 04:27:59.4 62.779" 149.432W

12 SEP 1980 05:48:35.6 62.587M 149.3~7W

12 SEP 1980 20:27:21.2 62.592" 148.903W

14 SEP 1980 00:19:28.6 62.517M 149.619W

14 SEP 1980 17:57:15.7 62.804" 149.283W

15 SEP 1980 23:02,45.0 62.776" 148.356W

16 SEP 1980 01:19:53.4 62.608" 148.889W

17 SIP 1980 02:57:31.8 62.662" 149.551W

17 SIP 1980 03:30:05.9 62.971" 149.152W

17 SEP 1980 15:19:14.5 62.759" 149.349W

II SEP 1980 21 :15:34.6 62.583" 148.757W

II SEP 1980 14,13:30.6 62.844N 149.408W

20 SET 1980 10,50:16.7 62.964" 149.396W

21 SEP 1980 06:59:06.1 62.829" 148.408W

21 SEP 1980 09:41 :52.8 62.709" 148.864W

21 SEP 1980 13:47:52.8 62.375" 148.774W

21 SEP 1980 23:13:07.8 62.607M 149.541W

22 SEP 1980 10:18:14.2 62.977M 149.020W

22 SEP 1980 11:49,'8.0 62.619N 149.530W

~Sl

231

252

253

254

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

229

230

WOODWARD-CLYDE CONSULTANTS
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CIIT. DIITE TIIlE(GI!T) UlT LOllG m. INTEH MG Sl1 H DIS a s L 0 C II T I 0 " II " 0 COrlrlE"TS
NO. DAY-r!O-YEAR HR-r1I"-SEC (M) (KII)(KrI)
------------------------------------------------------------------------------------------------------------------------------------ '--<»
255 23 SEP 1980 23:51 :58.3 62.972" 148.359W 1.96 10 we _ 15.GAP= 126.Dl~ 12,RftS= .30,ERH= 1.7,ERZ= 4.6 ."•,..,
256 24 6EP 1980 00:34:32.2 62.671" 148.944W 1.96 60 we NO= lO.GAP: 116,Dl z 23.RKS= .10,ERH= 1.6,ERZ= 2.1 '"0
257 24 6EP 1980 05:15:55.3 62.975" 148.347M 1.56 10 we_ 8,ClIP= 143.01 = 11 ,RftS= • 13,ERH= 1.1,ERZ=

....
3.2 -

258 24 6EP 1980 05: 18: 16. 2 62.307N 148.148W 1.68 18 we ~ 13,CAP= 288.01'" 36,RIISz .2S,ERH-
n

2.9,ER~ 1.6 0
:z

24 6EP 1980 07:50:04.7 62.52SN 149.176W 1.48 54 we_ 8,~ 242.D1. 16,RftS= --<
259 . l'.£IUt- 4.1.~ 4.0 ....

:z
c::

260 24 6EP 1980 12:02:00.3 62.564" 149.164W 2.16 57 we _ 12,GAP= 183.01. 15.JlllSa .07,ERH- 1.1,ERZ- 1.1 ,..,
'"261 24 6EP 1980 12: 18:04.8 62.972~ :~a.928W I. 42 58 we_ 6,GAP= 167.D1. 32,RftS- . 12,ERH- 6.0.ERZ- 6.6

262 25 SEP 1980 03:44:52.7 62.489" 148.994W 1.98 20 we HO= 15,CAP= 200.01· 12.RJIIS- . 29,PUt- 2.7,ERZ- 2.1

263 25 SEP 1980 21 :05:29.3 62.983" 149.093W 2.00 10 we NC):a 16,GAP- 176,01. lS.~ .30,ERH- 1.8,ERZ- 7.4

264 26 SEP 1980 00:41:00.9 63.278" 148.927M 1.62 3 we_ 9,GAPz 263,D'- 43.RNS- .11 ,ERH- 3.0,~ 35.0
DEPTH RESTRICTED DUE TO POOR RESOLUTION.

265 26 6EP 1980 02:11 :13.2 62.441" 148.680W 1.28 14 we NO- 14,CkP= 228,0'- 4.JlllSa . 22,ERH- 2.0,ERz" 2.3

266 27 6EP 1980 20:05:18.0 63.050" 148.950W 1.87 13 we_ 9,GAP- 272,D1. 19,RftS= •39,ERH- 6.2,~ 14.6

267 27 6EP 1980 21 :57:24.7 62.733" 148.941W 1.60 61 we_ 8,GAPz 196.01= 16,RftS= .04.ERHc 1.1,ERZ= 1.0

268 28 6EP 1980 07:40:21.5 62.460" 148.707M 1.06 19 wc_ B,~ 283,D1= 16,RftS= .14,ERH- 2.2,~ 3.1

llOODWARD-CLYDE CONSULTANTS



APPENDIX E - ESTIMATION OF PRELIMINARY MAXIMUM CREDIBLE EARTHQUAKES

E.1 - Introduction

The approach to estimating the prel iminary maximum credible earthquakes

(PMCEs) in a region, and thereby to establishing a basis for estimating

the ground motion at a specific site, is based on the premise that

significant earthquilke activity is associated with faults with recent

displacement. The evaluation of the PMCE that may be associated

with a given fault is closely related to the tectonic, geologic, and

seismologic evaluations of fault activity in the region of the site.

Therefore, it is necessary to identify and describe the characteristics

and behavior of the faults which have had recent displacemr"t in the

region that may be significant to the site even though they may not pass

through the site. After the faults significant to a site have been

identified, the PMCE for these sources can be estimated.

The term prel iminary maximum credible earthquake as it is used in this

report is Woodward -C 1yde Consu 1tant SO pre1im i nary estimate, based on

1 imited available data, of the maximum credible earthquake that can

occur along a fault with recent displacement. Additional geologic and

seismologic studies need to be conducted to refine judgments regarding

the size of the maximum credible earthquake that can occur along these

faults. Until these additional studies are conducted, the maximum

credible earthquakes described in this report are considered preliminary

in nature and are so designated.

Estimates of the PMCE that can occur along a given fault consider one or

more aspects of the relative behavior between faults. Those aspects of

behavior--fault parameters--can be compared among faults being evaluated

to establish a relative fault ranking with respect to themselves and

E - 1



with respect to other faults from around the world. Within the ranking,

various faults having similar fault parameters are expected to behave

like one another (within rational limits) and, thus, have similar
earthquake potential. Hence, the predictive capabil ities of the

geologist/seismologist in estimating PMCEs depend largely upon the
available data on the fault(s) being evaluated.

The principal fault parameters used in evaluating fault behavior in

clude: 1) tectonic setting; 2) geologic-structural setting; 3) style

of faulting; 4) physical geometry and mechanical properties of the

fault; 5) geologic history of the fault; 6) geologic strain or slip
rate; 7) the size, periodicity, and energy of seismic events; 8) histor

ical seismicity; g) fault rupture length; and 10) slip per fault-rupture

event.

While it would be most desirable to use all of these fault parameters

together in an evaluation of maximum magnitude, in actual practice, only

a few of the parameters are available for most individual faults. Of

these fault parameters, rupture length and slip per event are most fre

quently used by themselves to estimate directly the potential earthquake

magnitudes. Empirical re1 at ionships have been used re1 at ing historical

rupture lengths and slip per event to magnitude. 8y selection of an

appropr iate rupture 1ength or by use of geo log ic ev idence of s1i P per

event, a corresponding maximum magnitude can be derived from the empiri

cal relations.

Such techniques, when used by themselves, can provide results with large
errors because they fail to consider the complexities of fault behavior.

For example, strike-s1 ip faults in Japan often rupture 100 percent of
their length whereas faults in California rupture approximately 30 per

cent of their lengths during the largest earthquakes. Although rupture
length is the single most widely used parameter to estimate magnitudes

of earthquakes (primarily because fault rupture length appears to be an

E - 2



easy parameter to estimate), there are no consistent or reliable guide

lines for selection of the appropriate length of rupture that considers

fault behavior.

The rather arb itrary select ion of a rupture 1ength, such as 50 percent

or 100 percent of fault length, without consideration of other fault

parameters affecting fault behavior, should be considered preliminary

and the magnitude estimates should be used for comparison purposes only.

The most rat iona1 approach in est imat i ng max imum cred ib le magn itude

considers both qualitative and quantitative (i. e., empirical) para

meters for ranking faults and characterizing maximum credible earth

quakes. Est imates result ing from the various techniques should be

consistent among themselves as well as reasonable according to qualita

tive factors of the evaluation.

For this preliminary study, because of the lack of more detailed infor

mat ion, the PMCE for the cru stal f au lt sand 1i neament s wa s es t imated

using fault rupture length. It is recognized that this can result in an

unrealistically large earthquake being hypothesized for a given fault.

However, the relatively uniform availability of data for this parameter

allows an equal basis for comparison of earthquake potential. In

addition to the known faults, estimates of PMCEs for the candidate

significant features and significant features have been estimated to

provide an understanding of the potential impact of these features

should they be shrwn to have recent ~isplacement. Thus, the estimates

presented here are not intended as a final assessment of the maximum

credible earthquake for these sources but are preliminary in nature. A

review of the method is presented below.

E.2 - Fault Parameter Method--Magnitude versus Rupture Length

E;npirical correlations based primarily on geologic effects resulting

from the release of strain (or ene~gy) from an earthquake-generating
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volume were initialy proposed by Tsuboi (1956). Tocher (1958) used this

concept to formulate relationships of surface-rupture length and dis

placement to ma9nitude for specific faults in the California··Nevada re

9ion. The method was further refined by several workers including

Bonilla and Buchanan (1970) who prepared a compilation of the relation

ships of length, magnitude, and displacement. Their formulations and

graphs have often been used in estimating maximum credible earthquakes

for active fault lones. Slemmons (1977) has updated and revised many of

the relationships. Other workers, such as Wyss (1979), have proposed

US i ng the area of f au I t rupture in the subsurf ace to es t imate max imum

magnitude.

Slemmons' (l977) empirical relationships have been used during this

study to estimate maximum credible earthquakes from feature lengths.

The jUdgments used to apply Slemmons' relationships to the features are

discussed below. It is important, however, to discuss some of the con

straints associated with this method. These constraints include the

fact that we know very little about predicting future rupture lengths on

faults. We do know that most surface faulting in the western United

States ruptures only a small fraction of the total length of the entire

fault lone. This fractional rupture-len9th behavior of faults led to

the proposal by Wentworth and others (1969) that future faulting should

be assumed to occur along one-half the total fault length. Although

this is perhaps reasonable for the western United States, application of

this criterion may not be appropriate elsewhere in the world. Another

significant problem in using this method is estimating the total length

of the fault lone because many faults have complex branching (en echelon

or other patterns), and portions of a fault may be concealed. It is

clear that judgments of fault length can have significant impact on the

half-length criterion for rupture suggested by Wentworth and others

(1969).
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The jUdgments used to estimatp the PMCEs during this study include:

a) The observed length of the fault or 1ineament is assumed to repre

sent the 1ength of f au lt that cou 1d rupture dur i ng a sing1e event.

In concept, this is different from the half-fault length method of

Wentworth (1969), but, when dealing with features of poorly defined

length, it is probably a conservative approach. In effect, it is

assumed that the observed 1en9th of fault is at least half of its

total length; thus, many of the length estimates used for the

magn itude est imates during th i s study are probab 1y conservat ive1y

long when compared to the half-length method.

b) The exception to (a) is the Denali fault. The ext·reme length of

this fault, more than 1,250 miles (2,000 km) makes it extremely

unlikely that the entire length would rupture during a single event.

For the purposes of this preliminary investigation, it is assumed

that up to one third of the observed length could rupture during a

single event. This fraction of the total fault len9th is consistent

with other wor'ldwide observations of ruptures on 10n9 strike-s1 ip

faults. It is still a conservative approach, as only the Alaskan

earthquake of 1964 and the Chilean earthquake of 1960 are known to

have had rupture lengths greater than 415 miles (665 km) and neither

of these ruptures occurred along strike-slip faults (Slemmons,

1977). The maximum surface rupture length during the 1906 earth

quake along the San Andreas fault was 270 miles, (432 km) (Streitz

and Sherburne, 1980).

c) Slemmons' (1977) equations for estimating PMCEs were used. These

equat ions are:

Thrust fault "1max = 4.145 + 0.717 Log L
Normal fault Mmax = 1.845 + 1.150 Log L
Strike-Slip fault Mmax = 0.597 + 1.351 Log l
Reverse-Oblique fault Mmax = 4.398 + 0.568 Log L
Worldwide faults Mmax = 1.606 + 1.182 L09 L

Where Mmax is the max imum credible earthquake and L is the length

in meters.
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Where the specific fault type is known, the appropriate equation was

used. For lineaments and faults for which the fault type was not

known, the equation for worldwide faults was used.

These equations are mean values calculated by Slenrnons (1977). To

provide an independent assessment of the conserv\tism of these equa

tions, Wyss's (1979) relationship for ma9nitude versus fault rupture

area was used, that is Wyss's method replaced the method of taking

plus or minus one standard deviation for Slenrnons' (1977) relation

ships. This also permitted an assessment of recent discussions in

the scientific community (e. g., Mark, 1977; Mark and Bonilla, 1977,

Wyss, 1979, 1980; Bonilla, 1980, among others) about how various

methods of calculation of maximum credible earthquakes affect

the conservatism involved in estimating maximum credible earth

quakes.

d) Wyss (1979; 1980) advocates the use of source area versus magnitude

as an empirical relation to estimate magnitudes of future earth

quakes. Theoret ica11y, thi S method cou 1d prov ide a more accurate

means for estimating maximum magnitude because it takes into account

both the rupture length at depth and the width of the rupture area.

However, the means of obtaining these values and the utility of this

method in contrast to the ruptur'e-length method is a topic of con

tinuing discussion (see for instance, Bonilla (1980)). For this

study, as discussed above, Wyss's relationship is used as an inde

pendent check on the results obtained using Slemmons' (1977) mean

value relationships. The Wyss relationship is:

Mmax = Log A + 4.15

Where A = LW

L = half length of the fault

W= the down dip length of the fault

W< 2/3 L and generally should be 3 to 12 miles (5 to 20 km)
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For comparing results of the two methods, the following assumptions

were made in the Wyss relationship:

12 miles (20 kml is used for W where the length is greater than

19 miles (30 km) and W < 2/3 L is used for W where the length

is less than 19 miles (30 km). The results compare quite con

sistently for events of magnitude (Ms ) greater than approximately

7.0. For magnitudes (Msl less than 7.0, the Wyss relationship

gives a smaller magnitude compared to the results using Slemmons'

(1977) relationship.

E.3 - Results

PMCEs were estimated for the boundary faults using Slemmons' (1977)

relationships described above in Section E.2. In addition, a pre

1 iminary maximum credible earthquake of magnitude (M s ) 8.5 has been

assi;;ned to the Benioff zone using the 1964 ma9nitude (Msl B.4 event

as a basis. A sUlTfl1ary of these results is presented in Section 11.
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APPENDIX F - QUALITY ASSURANCE

Woodward-Clyde Consultants maintains a company-wide program of qual ity

assurance pertaining to all aspects of its professional, technical, and

support services. The objective of the program is to maintain the

quality of company activities including the implementation and comple

tion of a large project such as the seismic studies being conducted for

the Susitna Hydroelectric Project.

For the purposes of this program, qual ity assurance is defined as: A

management program of planned and systematic act ions, having the objec

tive of providing adequate confidence that services are performed in

accordance with standards of profess ional pract ice and the require

ments of the Client (Acres American Inc.).

The essential components of the qual ity assurance program are: to

establish lines of responsibility, authority, and accountability;

to provide a qualified staff; to define the method of operation and to

provide documentation of activities; to establish internal review (peer

review) procedures; and to provide procedures for auditing.

F.l - Responsibility, Authority, and Accountability

Dr. Ulrich Luscher is the Principal-in-Charge of the seismic studies

conducted for the Susitna Hydroelectric Project. He is responsible for

all aspects of the project. George Brogan is the Project Manager who is

responsible to the Principal-in-Charge for completion of the scope of

services defined in the contract between Acres American Inc. and

Woodward-Clyde Consultants.
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Professional and technical staff have performed the services required by

the Project under the direction of the Project Manager. Outside con

sultants have al so worked under the direct ion of the Project Manager as

part of the professional staff.

F.2 - Methods of Operation

The methods of operation have been established to meet the scope of

serv ices in a timely, cost-effect ive, repeatab le manner. They are

intended to provide a product that meets the level of quality commen

surate with standards of professional practice, the Project, and Acres

American Inc. The components of the method are summarized below.

Work Plan

The in i tid 1 effort on the Proj ect was to prepare a work plan.

The plan was based on the Task 4 contractual agreement and describes

subtask Objectives, task descriptions, time schedules, and budgets.

The work plan identifies the plan for staffing of the project,

including the Principal-in-Charge, the Project Manager, and key

professional staff members. In addition, the work plan identifies the

review staff, project consultants, subcontractors, other firms with

whom services must be coordinated, and areas of potential difficulties

and/or delays. The completed work plan was approved by the Project

Manager and served as the basic guide for providing services on the

Project.

Woodward-Clyde Consultants assigned an identification number (14658A)

to the Project. A master file is located in the Orange, Cal Hornia,

office of Woodward-Clyde Consultants. Upon completion of the project,

the file will be kept, abstracted, or disposed of according to the
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policies established by Acres American Inc. and/or by the Regional

Mana1ing Principal of Woodward-Clyde Consultants. All significant

i nformat ion, inc 1ud ing the 1oc at ion and content of secondary proj ect

files (such as specialized discipline files) are contained in the

master file.

Data Acquisition

Data were acquired as outlined in the work plan. Data acquisition was

accomplished using methods described in Section 2.5 and in Appendices

A and B. Data were acquired with the objective of obtaining results

that are objective, true, repeatable, and of known accuracy.

Data Analysis

All data analyses and interpretations are based on 10gic~l, systematic

procedures. Where it has been appropriate to the project, background

considerations and technical concepts util ized in each analysis

have been recorded as the analysis was performed, in order that the

analytical process could be reconstructed by a knowledgeable reviewer.

Only certified or cross-checked computer programs have been used in

connection with project c.alculations and analyses. Certification of

project computer programs, such as the Woodward-Clyde Consultants'

Earthquake Data Bank, has been conducted in the past and accepted for

previous major projects for federal agencies and/or utility clients.

Development of opinions, recommendations, and conclusions has been the

major purpose of the project activities. All opinions, criteria,

designs, specifications, drawings, recommendations, and conclusions

which have been developed are the professional responsibil ity of the

Project Manager. The Project Manager has reviewed the professionals

under his responsibility to verify that they have the required

capabilities to analyze data and to develop opinions, recommenda

t ions, and conclusions cOlTl1lensurate with the needs of the Susitna

Hydroelectric Project Task 4 scope of services.
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Statement of Opinions. Recommendations. and Conclusions

At appropriate stages. indicated results. conclusions. and recommen

dations have been discussed with Acres f.merican Inc. Formal discus
sions have were held on 10 June 1980 prior to initiation of the field

studies. on 21 through 23 August 1980 at t~c conclu~ion of the field
program. and on 22 through 24 October 1980 midway through the data

analysis portion of the investigation.

This report constitutes the formal presentation of opinions. recom
mendations. and conclusions for the 1980 work plan. A similar report

will be prepared at the conclusion of the 1981 work plan after project

feasibility has been evaluated.

Opinions. recommendations. and conclusions occasionally have been pro

vided orally. Where appropriate. these opinions, recommendations. and

conclusions have been documented in the project file.

Peer Review

Review is an integral part of all professional services rendered by

Woodward-Clyde Consultants. It consists of requiring that one or more
peers review opinions. recommendations, and conclusions to determine

their adequacy on the basis of the data which have been acquired and

the analysis which has been done. The Project Manager is responsible

for the selection of peer reviewers. for assuring that the peer review

is made and documented. for verifying that the peer reviewer has the

necessary knowledge and skill to perform the review adequately (and is

not directly involved in the activity reviewed). and for seeing that

the results .of the peer review are incorporated in the study. For

this project. peer review was supplemented by a formal review board

composed of experts in the field of seismic geoloqy. These experts

include members of Woodward-Clyde Consultants and an outside con

sultant described below in Section F.4.
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F.3 - Documencation of Activities

Activities including data acquisition and analysis, which are key parts

of the study and which lead to the opinions, interpretations, and

conc1us j ons upon wh i ch th i s report is based, have been documented in

accordance with procedures described in Sect ions 2.5 and 12 and in

Appendices A and B of this report. Documentation is summarized as

appropriate in this report. Additional documentation of activities

which are important to providing repeatability of results, accurate

results, and results that can be adequately reviewed by an independent

review are filed in the project master file in the Orange, Cal ifornia,

office of Woodward-Clyde Consultants. Supervision of adequ3te docu

mentation procedures has been the responsibility of the Project Manager.

This responsibil ity has been delegated to key professional members of

the project team when appropriate.

F.4 - Internal Review Procedures

As summarized in Sect ion F.2, internal review procedures for this pro

ject have included review by the project peer reviewers and by an

internal review board (designated the Internal Review Panel). Project

peer reviewers were members of the Internal Review Panel and were not

involved with the technical product ion of the port ion of the study for

which they were providing peer review.

The Internal Review Panel consisted of the peer reviewers, senior

members of the Susitna Hydroelectric Project team experienced in seismic

studies and A\aska geologic and seismologic conditions, and an outside

consultant--Bob Forbes, Professor Emeritus of Geology, University of

Alaska at Fairbanks. Table F-l lists the peer reviewers, the Internal

Review Panel members, and their respective review responsibilities. The

peer reviewers possess the technical qualifications, practical exper

ience, and professional judgment, in the opinion of the Project Manager
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and the Principal-in-Charge, to conduct the review of the project. The
discussion below presents the details of the review process and the
documentation of the results.

The review process included a critical evaluation of the basis and
val idity of a'l1 significant conclusions, opinions, evaluations, recom
mendations, designs, and other material required as an end result of the
project services. The review (including peer review) did not include a
complete check of detailed calculations, but emphasized establishing the
val idity of the technical approach and other procedures used to form an
opinion of the suitability of the end result. Specific items considered
in the review were:

- Verification of scope and objectives
- Validity of the technical approach
- Validity of data used in analysis of evaluations

Thoroughness and completeness of the services
Validity and suitability of end results
Clarity of presentation, including sketches, drawings, and

reports
Clarity of statement of limitation
Fu11filment of agreement between Woodward-Clyde Consultants and

the Client (Acres American Inc.)

As a final step in their review, the reviewers (including peer re
viewers) discussed their findings with the originators and resolved
or Jefined any items of disagreement. When differences remained between
originator and reviewers, they were resolved under the direction
of the Project Manager or the Principal-in-Charge prior to completion of
the review process.
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The review process involved the following:

(a) A review was conducted by one peer rev iew member and two members
of the Internal Review Panel of the status of the investigation
immediately prior to the geologic field reconnaissance study. This
review included evaluation of the planned field reconnaissance
study. The review was conducted on 27 June 1980. Results of the
review were incorporated into the field study.
document the results of the review.

Informal notes

(b) A peer review was conducted midway through the geologic field
reconnaissance study. This review was conducted by a peer reviewer
from 29 through 31 July 1980. A memorandum summarizing the results
of the review are on file in the master project file.

(c) A review of the geologic field reconnaissance study was conducted by
peer reviewers and by the Internal Review Panel members in the field
at the conclusion of the field study. The review was conducted from
22 through 24 August 1980. A memorandum summarizing the results of
the review are on file in the master project file.

(d) A review of the short-term seismologic monitoring program was
conducted by a member of the Internal Review Panel during operation
of the network. The review was conducted from 2 through 24 August
1980. Rev iew comments were incorporated into the network opera

tions.

(e) A review of the draft report was made by peer review~rs and by the

members of the Internal Review Panel. This review was conducted
between 1 and 5 December 1980. Written comments on the reports were
incorporated into the f ina1 report issued to Acres Amer ican Inc.
Peer review statements (Figure F-l) were completed by the appro
priate peer reviewer and filed in the master project file.
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F.5 - Audits

The Qual ity Assurance Officer in the Orange, Cal ifornia, office of

Woodward-Clyde Consultants monitors proper conduct of peer review pro

cedures for projects such as Task 4 of the Susitna Hydroelectric

project. In addition, the Qual ity Assurance Officer of the Western

Region of Woodward-Cly~e Consultants periodically holds Qual ity assur

ance audits to verify the proper conduct of the peer review procedures.

Procedures for aud its are covered in the Woodward -C 1yde Consul t ant s

Quality Assurance Manual.
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TABLE F-1

PROJECT PEER REVIEW AND INTERNAL REVIEW PANEL MEMBERS

Subtask Review Responsibilit~
Rev i ew Member Affiliation Peer Internal Revlew anel

Dr. Duane Packer Woodward -C 1yde 4.01, 4.03, 4.01 through 4.06
Consultants 4.05, 4.06

Dr. Tom Turcotte Woodward -C 1yde 4.02, 4.06 None
Consultants

Dr. W. U. Savage Woodward-Clyde 4.04 4.02, 4.04, 4.06
Consultants

George Brogan Woodward -C 1yde None 4.01 through 4.06
Consultants

Dr. Robert Forbes University of None 4.05, 4.06
Alaska, Fairbanks

Dr. I. M. Idriss Woodward-Clyde 4.07, 4.08 None
Consultants

Notes: Subtask descriptions are:

4.01 - Review of available data
4.02 - Short-term seismologic monitoring
4.03 - Preliminary evaluation of reservoir-induced seismicity
4.04 - Remote sensing analysis
4.05 - Seismic geology reconnaissance
4.06 - Evaluation and reporting
4.07 - Preliminary ground motion studies
4.08 - Preliminary analysis of dam stability
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APPENDIX G - GLOSSARY

All ochthonou s

Aleutian Megathrust

Amygdaloidal

Anastomosing Stream

Anelasticity

Aseismic

Bathol ith

Formed or occurring elsewhere than in place;
of foreign origin or introduced.

The major collision boundary between the
Pacific and North American Plates where the
Pacific Plate is descending into the earth's

mantle.

Gas cavities in igneous rocks that have been
filled with secondary minerals such as
quartz, calcite, chalcedony, or zeol ite.

A stream that divides into or follows a
complex network of several small, branching
and reuniting shallow channels separated from

each other by islands or bars, resembling in
p1ant hest ran ds 0f a com p1ex bra i d .

The effect of attenuation of a seismic wave;
it is symbolized by Q.

An area of generally low sEismicity that can
have tectonic deformation which is not

accompanied by earthquakes.

A large, generally discordant mass of
igneous rock which was intruded originally at
depth and now has more than 40 square mil es
(104 km 2 ) in surface exposure. It is
comp"sed predom inant1y of med i um to coarse
grained rocks, often of granodiorite com

position.
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Benioff zone

Candidate Feature

Candidate Significant

Feature

Cataclastic

Consanguineous

Crag and Tail

Seismicity associated with pl ates of the

earth's crust which are sinking into the
upper mantle. In Alaska, the Benioff zone is

associated with underthrusting of the Pacific
plate beneath the North American plate.

A term used in this study to identify faults

and lineaments that may affect Project design
considerations based on the appl ication of

length-distance screening criteria prior to
field reconnaissance studies.

A term used in this study to ident ify faults

and lineaments that may affect Project design

considerations based on length-distance

screening criteria and a prel iminary assess

ment of seismic source potential and poten

tial surface rupture through either site

using the results of the field reconnaissance

studies.

The granular fragmental texture induced in
rocks by mechanical crushing.

The relationship that exists between igneous

rocks that are presumab ly der ived fran the

same parent magma.

An elongate hill or ridge resulting from

glaciation. The crag is a steep face or knob

of ice-smoothed, resistant bedrock at the end

of the ridge from which glacial ice came.

The tail is a tapering, streamlined, gentle
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Dextral Fault

Drift

Drumlin

Ductile

Dynamometamorphism

End Moraine

Fault

Fault with Recent

Displacement

slope of intact weaker rock and/or till that

was protected in part from the glacial ice by
the crag.

A strike-sl ip fault along which, in plan

view, the side opposite the observer appears

to have moved to the right.

All rock material transported by a glacier

and deposited directly by or from the ice or

by meltwater from the glacier.

An elongate or oval hill of glacial drift.

A rock that is able to sustain, under a given

set of cond i t ions, 5 to 10 percent deforma

tion before fracturing or faulting.

The alteration of rock characteristics

primarily by mechanical energy (pressure and

movement) .

A ridge of glacial sediments deposited at the

margins of an actively flowing glacier.

A surface or zone of closely spaced fractures

along which materials on one side have been

displaced with respect to those on the other

side.

As defined for this study, a fault which has

had displacement within approximately the

last 100,000 years.
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Flysch

Geosyncline

Glacial Scour

Gouge

Hypocenter

Intercalated

Kame

A thick and extensive deposit largely of
sandstone that is fonned in a marine environ
ment (geosyncl ine) adjacent to a rising
mountain belt.

A mobile downwarping of the crust of the
earth, either elongate or basin-l ike,
that is sUbsiding as sedimentary and volcanic
rocks accumulate to thicknesses of thousands

of meters. Geosynclines are usually measured
in scores of kilometers.

The eroding action of a glacier, inclUding

the removal of surficial material and the
abrasion, scratching, and polishing of the

bedrock surface by rock fragments dragged
along by the glacier.

Soft clayey mater ia1 often present between a
vein and a wall or along a fault.

That point within the earth that is the
center of an earthquake and the origin of its
elastic waves.

A material that exists as a layer or layers
between layers or beds of other rock;
interstratified.

A short ridge, hill, or mound of poorly
stratified sediments deposited by glacial
meltwater.
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Kett 1e

Klippe

Lee

Lineament

Lit-par-lit

Magnitude

A steep-sided, usually basin- or bowl-shaped

hole or depression without surface drainage

in glacial deposits.

An outlying isolated remnant of an overthrust

rock mass.

The side of a hill, knob, or prominent rock

facing away from the direction from which an

advancing glacier or ice sheet moved; facing

the downstream side of a glacier.

A 1inear trend with impl ied structural

control (including but not 1 imited to

fractures, faults, etc.) typically identified

on remotely sensed data.

Having the characteristic of a layered rock,

the 1ayers of wh ich have been penetrated by

numerous thin, roughly parallel sheets of

igneous material.

Magnitude is used to measure the size of

instrumentally recorded earthquakes.

Several magnitude scales are in common usage

(Richter, 1958). The differences in these

magnitudes are caused by the way in which

they are each calculated, specifically, the

periods (frequency) of the waves which

are used in each measurement. ML is the

original Richter magnitude which was devel

oped for Southern Cal ifornia earthquakes

recorded on Wood-Anderson seismometers (free
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Metabasalt

Microearthquake

Migmat ite

Miogeosyncline

Modified Mercalli Scale

Noncomformity

period 0.8 second) at distances of 372 miles

(600 km) or less. MS and Mb use signals
recorded at teleseismic distances 1,240 miles
(2,000 km or greater). MS measures the
ampl itude of surface waves with periods
of 20 seconds and the Mb is a measure of
the 1 second body waves. The variations in
the magnitude calculations are due in part to

the fact that different size earthquakes
generate relatively different amounts of
energy in these frequency bands.

Volcanic rock (basalt) altered by temperature
and pressure to a metamorphic rock.

An earthquake having a magnitude (ML) of
three or less on the Richter scale; it is
generally not felt.

A rock (gneiss) produced by the injection of
igneous material between the laminae of a
schistose formation.

A geosyncline in which volcanism is not
associated with sedimentation.

An earthquake intensity scale, having twelve
divisions ranging from I (not felt by people)
to XII (damage near1y total).

A substantial hiatus in the geologic record
that typically implies uplift and erosion.
The gap occurs between older igneous or
metamorphic rocks and younger sedimentary
rocks.
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Nonna1 Fau 1t

Pluton

Pyroclastic

Kejuvenat ion

Reservoir-Induced
Seismicity

Reverse Fault

Significant Feature

A fault along wnich the upper (hanging) wall
has moved down relative to the lower wall
(footwall).

An igneous intrusion fonned at great depth.

Formed by fragmentation as a result of a
volcanic explosion or aerial expulsion from a

vo lean ic vent.

Renewed downcutt ing by a stream caused
by regional up1 itt or a drop in sea level.

The phenomenon of earth movement and resu1
tant seismicity that has a temporal and
spatial relationship to a reservoir and is

triggered by nontectonic stress.

A fault in which the upper (hanging) wall
appears to have moved up relative to the

lower wall (footwall).

A term used in this study to identify the
faults and lineaments that are considered to

have a potential effect on Project design
considerations pending additional studies.
Select ion of these features was made on the
basis of length-distance screening criteria

and final assessment of their seismic source
potent ia1 and potent i a1 for surface rupture

through either site using the results of the
field reconnaissance studies.
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Slickensides

Solifluction

Stade

Stoss

Stoss and Lee

Topography

Stratovolcano

A polished and smoothly striated surface that

results from friction during movement along a

fault plane.

The slow (0.2 to 2 inches/yr (0.5 to 5

cm/yr)) creep i ng of wet so i 1 and other

saturated fragmental material down a slope,

especially the flow initiated by frost

act ion and augmented by me 1twater from

alternate freezing and thawing of snow and

ground ice.

A substage of a glacial stage; time repre

sented by glacial deposits.

The side or slope of a hill, knob, or

prominent rock facing the direct ion from

which an advancing glacier or ice sheet

moved; facing the upstream side of a glacier.

An arrangement, in a strongly glaciated area,

of small hills or prominent rocks having

gentle slopes on the stoss side, and somewhat

steeper, plucked slopes on the lee side.

A volcano composed of explosively erupted

cinders and ash interbedded with occasional

lava flows.
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Talkeetna Terrain

Thrust fault

Whaleback

Region (including the Project) of relatively
uniform response within the current stress
regime. The Terrain has the following
boundaries: the Denali-Totschunda fault on
the north and east, the Castle Mountain fault
on the south, a broad zone of deformation and
volcanoes on the west and the Benioff zone at
depth. The Terrain is inferred to be a
relatively stable tectonic unit with major

strain release occurring along its boundaries.

A low angle reverse fault.

A small, elongate, protruding knob or hillock
of bedrock, most commonly gran it ic, sculp
tured by a large glacier so that its long
axis is oriented in the direction of ice
movement. It is characterized by an upstream

side that is gently inclined and smoothly
rounded but striated and by a downstream side
that is steep and rough.
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