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PREFACE

This report presents the results of the seismic studies conducted
during 1980 and 1981 for the Feasibility Study of the proposed Susitna
Hydroelectric Project site. These studies included geologic evaluation
of faults and lineaments, a historical and microearthquake seismicity
study, an assessment of the potential for reservoir-induced seismicity,
and the estimation of ground-motion parameters.

The report includes ten sections which summarize the results of the
studies to date. The three appendices present support data for the
interpretations and conclusions presented in Sections 1 through 10.
Tables and figures appear at the end of each section and appendix.

In most cases, measurements reported in this volume were made in the
metric system and then converted to U.S. Customary Units. For these
conversions, the measurements reported in the U.S. system are rounded
off to 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 mfles). This was
done to retain the original number used to make the conversion. Con-
versely, some measurements were made using the U.S. system; in these
cases, the conversion to the metric system also have been rounded off to
the nearest single unit. Both sets of numbers have been presented for
the convenience of the reader.

The results and conclusions presented in this report refine those
presented in the Interim Report (Woodward-Clyde Consultants, 1980b).
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Figures 3-5(A and B) and 3-6(A) incorrectly depict the distribution of
ice disintegration deposits. On Figure 3-5(A), the area northwest of
the Black River shown to be ice disintegration deposits of Early Wiscon-
sin age is, in fact, an area of till. On Figure 3-5(B), ice disinte-
gration deposits of Late Wisconsin age should be shown only on the
valley floor; other areas indicated as ice disintegration deposits are
areas covered by till. On Figure 3-6(A), the area of ice disintegration
deposits of Early Wisconsin age east of Butte Lake should have been

shown as till.

The above corrections address errors in graphical presentation and do
not affect the conclusions of the report.
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DEFINITION OF KEY TERMS

Site Region: The area within a 62-mile (100-km)
radius about either site.

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

Devil Canyon Area: The area within a 6-mile (10-km)
radius about the Devil Canyon site.

Devil Canyon Site: The presently proposed location of
the Devil Canyon Dam and related
facilities.

Devil Canyon Reservoir: The area of the Susitna River
upstream from the proposed Devil
Canyon site which will be inundated
by impoundment by the dam.

Watana Area: The area within a 6-mile (10-km)
radius about the Watana site.

Watana Site: The presently proposed location
of the Watana Dam and related
facilities.

Watana Reservoir: The area of the Susitna River up-
stream from the proposed Watana
site which will be inundated by
impoundment by the dam.
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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 Tlatitude and 147.5° to 150.4°
west Tongitude.
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1 - SUMMARY

1.1 - Project Description

The Susitna Hydroelectic Project as currently proposed involves two
dams and reservoirs on the Susitna River in the Talkeetna Mountains of
south central Alaska. The Project is approximately 50 miles (80 km)
northeast of Talkeetna, Alaska, and 118 miles (190 km) north-northeast
of Anchorage, Alaska (Figures 1-1 and 2-1). The downstream dam at Devil
Canyon (62.8° north latitude, 149.3° west longitude) is currently being
considered as an arch dam to be approximately 645 feet (197 m) high. It
would impound a 26-mile- (42-km-) Tlong reservoir with a capacity of
approximately 1,092,000 acre-feet (1,348 x 106m3). The upstream
dam at Watana (62.8° north latitude, 148.6° west longitude) is currently
being considered as an earthfill or rockfill dam to be approximately 885
feet (270 m) high. It would impound a 48-mile- (77-km-) long reservoir
with a capacity of approximately 9,515,000 acre-feet (11,741 x 106m3).
These dimensions are approximate and subject to revision during design
of the project.

Collectively, the proposed dams and related structures are referred
to as the Project. This report is part of a feasibility study for the
Project being managed and conducted by Acres American Inc. for the
Alaska Power Authority. The purpose of this report is to summarize the
results of the seismic geology, seismology, and earthquake ground-motion
investigation conducted during 1980 and 1981.

The primary objectives of this two-year investigation were to provide
values of earthquake ground-motion parameters that would be used for dam
design and assessment of feasibility of the Project and to identify
faults that have the potential for surface rupture through the area of
the Project.

ot
i
Y




Woodward-Clyde Consultants

The 1980 study included: review of available geologic and seismologic
literature and data; monitoring of microearthquake activity for three
months within approximately 30 miles (48 km) of both proposed dam
sites using a 10-station microearthquake network; a preliminary 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 for selection
of 13 features (faults and lineaments) for detailed study in 1981; and
an estimate of potential earthquake ground motions for’the Project. The
results of the 1980 study were reported in an Interim Report (Woodward-
Clyde Consultants, 1980b).

The 1981 study included: the acquisition and interpretation of low-
sun-angle color near-infrared aerial photography; a 10 person-month
field program of geologic field mapping, aerial reconnaissance, and
trench excavation and logging of 13 features; a three person-month field
program of Quaternary geologic studies; geophysical surveys; potassium-
argon and radiocarbon age dating; analysis of seismograms for moderate
to large earthquakes that have occurred within or adjacent to the
Talkeetna Terrain; review of the Benioff zone seismicity and refinement
of the location and size of the maximum credible earthquake for the
zone; analysis of focal mechanisms of selected earthquakes to refine
understanding of the regional stress regime; and development of a mode 1
for reservoir-induced seismicity that incorporates the relationship of
natural seismicity with reservoir-induced earthquakes. From this work,
seismic sources were identified, and the maximum credible earthquake for
each source and its recurrence interval were estimated. These data were
used to estimate the potential ground motions for the Project. A manual
was also prepared for the operation of a long-term seismic monitoring
network.
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The results presented in this report were developed for two reasons:
1) for the purpose of evaluating Project feasibility; and 2) to support
submittal of a license application for the Project to the Federal
Energy Regulatory Commission. The results should be reviewed when final
dam design is considered.

This summary abstracts many important details that should be considered
in any application of the results to seismic design. Consequently, the
concepts, interpretations, and conclusions presented in this summary
should be used only within the context of corresponding sections in the
text.

1.2 - Fault Study Rationale

According to the present understanding of plate tectonics, the earth's
Tithosphere contains 12 to 22 miles (20 to 35 km) or so of relatively
light, brittle crust that overlies the mantle, which is denser and less
brittle than the crust. Major horizontal movements of the crustal
plates are considered to be related to, or caused by, thermal convective
processes within the mantle.

Within the plate-tectonic framework, faults that have the potential 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.

Faults with recent displacement both in the downgoing plate and in the
upper plate can generate earthquakes, which cause ground motions at the
surface that need to be considered for seismic design purposes. However,
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faults in the downgoing plate are not considered when evaluating poten-
tial for ground-surface rupture, because these faults do not extend into
the upper plate.

A guideline for defining "recent displacement" was prepared by Acres
American Inc. and is discussed in Section 3 of the Interim Report
(Woodward-Clyde Consultants, 1980b). According to that guideline, faults
that have caused rupture of the ground surface within approximately the
past 100,000 years are classified as being faults with recent displace-
ment and should be considered in seismic design. Conversely, faults
that have not caused rupture of the ground surface during the past
100,000 years are classified as faults without recent displacement.
These faults are considered to be of no additional importance to Project
feasibility and dam design because faults without recent displacement
are not known to be sources of large earthquakes or surface rupture.

To be identified as a fault with recent displacement, earthquakes that
occurred on the fault during the past 100,000 years need to have been
large enough to produce geological evidence of surface rupture that
could be detected by our investigation. Consequently, an estimate was
made of the magnitude of the largest earthquake that might have occurred
without leaving any detectable geologic evidence. This earthquake was
designated the "detection level earthquake" and is considered to be a
potential seismic source.

1.3 - Approach

The 1980 study led to the identification of features considered to be
potentially important to seismic design. The rationale and methods for
identifying these features is discussed in Section 8 of the Interim
Report (Woodward-Clyde Consultants, 1980b).
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The purpose of the 1981 study was to evaluate the feasibility and
design significance of three potentially important earthquake sources
with known recent displacement; these included the Castle Mountain and
Denali faults and the Benioff zone. The 1980 study also identified
13 features (four faults and nine lineaments) in the vicinity of
the proposed dam sites that required additional study to evaluate
whether they had been subject to surface displacement during the past
100,000 years and, therefore, might need to be considered as seismic
sources for purposes of dam design. These 13 features were examined in
detail during the 1981 field study. The study involved the following
objectives:

a) Assessing the likelihood that each of the 13 features is a fault.

b) Assessing the age of the sediments overlying each of the 13 fea-
tures.

c) Selecting and excavating trenches across topographic features that
resembled topographic expression of faults in the young geologic
deposits.

d) Evaluating the likelihood that each of the 13 features is a fault
with recent displacement using the guideline established for the

project, i.e., rupture of the ground surface during the past
100,000 years.

e) Assessing the detectability of faults that may have ruptured the
ground surface during moderate to large earthquakes in the past
100,000 years and estimating a detection level earthquake that
could theoretically occur on a fault that might be below the
detection level of geologic investigation.
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Evaluating seismological records of moderate to large historical
earthquakes in the project region to estimate focal mechanism
parameters and assess the relation of the earthquakes to recognized
faults with recent displacement.

g) Applying Jjudgment and experience gained from the study of other
faults with recent displacement in Alaska and in similar tectonic
environments (e.g., Japan and South America).

h) Estimating the maximum credible earthquake and recurrence interval
1) for each fault that is considered to be a seismic source, 2) for
the Benioff zone, and 3) for a detection level earthquake.

i) Estimating the potential for surface rupture on any faults with
recent displacement within 6 miles (10 km) of the dam sites.

j) Estimating the values of ground-motion parameters for the seismic

sources identified in objective (h) above that are appropriate for
seismic design.

1.4 - Tectonic Model

A tectonic model for the area encompassing the Project region was
developed in 1980 to provide a framework in which to: assess fault
activity; estimate maximum credible earthquakes; evaluate the potential
for surface fault rupture; and evaluate the potential for reservoir-
induced seismicity.

On the basis of the tectonic model, a relatively stable tectonic unit
was identified in which the Project is located. This tectonic unit was
named the Talkeetna Terrain (Woodward-Clyde Consultants, 1980b). The
Terrain boundaries are the Denali and Totschunda faults to the north and



Woodward-Clyde Consultants

east, the Castle Mountain fault to the south, and a zone of deformation
with volcanoes to the west. The thickness of the Talkeetna Terrain is
limited by the Benioff zone or base of the crust at depth (Figure 1-1).
With the exception of the western boundary, which is primarily a broad
zone of uplift marked by Cenozoic age volcanoes, all of the boundaries
are (or contain) recognized faults with recent displacement. The
Terrain is part of the North American plate.

Because the Talkeetna Terrain is a relatively stable tectonic unit,
major strain release occurs along its boundaries rather than within the
Terrain. The basis for this conclusion is: the clear evidence for
recent displacement along the Castle Mountain, Denali, and Totschunda
faults and the subducting plate defined by the Benioff zone; the general
absence of large historical earthquakes within the Terrain; and the
absence of faults within the Terrain that display evidence of recent
displacement. Some compression-related crustal adjustment within the
Terrain is probably occurring as a result of the plate movement and the
stresses related to the subduction process. This crustal adjustment is
expressed by small earthquakes such as those recorded during the 1980
microearthquake study.

1.5 - Quaternary Geology

Surfaces and sediments of late Quaternary were studied in detail to
provide information on the recency of fault displacement. These studies
were designed to: a) prepare a map showing the geographic extent and
age of surficial glacial sediments and surfaces; and b) evaluate the
likelihood that each of the 13 significant features is a fault with
recent displacement. In the site region, the Quaternary surfaces
and sediments are primarily glacial in origin. This origin reflects
the wide-spread glacial activity in south central Alaska during late
Quaternary time.
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Four distinct Quaternary glacial episodes are evident: pre-Wiscon-
sin, >100,000 years before present (y.b.p.); Early Wisconsin, 75,000 to
40,000 y.b.p.; Late Wisconsin, 25,000 to 9,000 y.b.p.; and Holocene,
<9,000 y.b.p. (Figure 3-2). Each glacial episode was less extensive
than the preceding one. The limits of each are defined by the elevation
and geographic distribution of glacial erosional or depositional
features. Glaciers advanced repeatedly from three main source areas:
the Alaska Range to the north; the southern and southeastern Talkeetna
Mountains; and the Talkeetna Mountains north and northwest of the
Susitna River. Glacial flow was dominantly south and southwest,
following the regional slope and structural grain. Multi-directional
and convergent flow, differing glacial magnitudes, topographic influ-
ences, and other parameters make the glacial chronology of the Project
region complex.

The four features near the Watana site’are located in areas where Late
Wisconsin (25,000 to 9,000 y.b.p.) surfaces predominate except in the
vicinity of the Talkeetna River where pre-Wisconsin (>100,000 y.b.p.)
surfaces are present (Figure 3-4). The nine features near the Devil
Canyon site are in areas of Early Wisconsin and older (>40,000 y.b.p.)
erosional surfaces, except in the vicinity of the Susitna River and
major creeks where Late Wisconsin (25,000 to 9,000 y.b.p.) surfaces
predominate (Figure 3-4).

1.6 - Faults with Recent Displacement

Faults for which evidence of recent displacement was found were con-
sidered to be potential seismic sources. Each potential seismic source
was evaluated during this study to estimate its potential seismic ground
motions at the Watana and Devil Canyon sites and its potential for
surface rupture within 6 miles (10 km) of the sites.
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On the basis of the 1980 study, the Talkeetna Terrain boundary faults
were identified as seismic sources that need to be considered as
potential sources of seismic ground motion at the sites. These include:
the Castle Mountain fault, the Denali fault, the Benioff zone interplate
region, and the Benioff zone intraplate region (Figure 1-1). These
sources are considered to be or to contain faults with recent displace-
ment that could cause seismic ground motions at the Watana and Devil
Canyon sites; however, because of their distance from the sites, these
faults do not have the potential for rupture through the sites. The
1980 study also identified 13 features near the sites that required
detailed evaluation during the 1981 study to assess their importance for
seimsic design.

On the basis of the 1981 study, no evidence for faults with recent
displacement other than the Talkeetna Terrain boundary faults has
been observed within 62 miles (100 km) of either site and none of
the 13 features near the sites are judged to be faults with recent
displacement. Therefore, when applying the guideline defining faults
with recent displacement to the results of our investigation, the 13
features are considered not to be potential seismic sources that could
cause seismic ground motions at the sites or surface rupture through the
sites.

Qur interpretation that none of the 13 features are faults with recent
displacement is based on data collected during our investigation.
The data are limited in the sense that a continuous 100,000 year-old
stratum or surface was not found along the entire length of each of
the features. For this reason, the available data were analyzed and
professional judgment was applied to reach conclusions concerning the
recency of displacement on each of the 13 features.

As discussed previously, earthquakes up to a given magnitude could occur
on faults with recent displacement that might not be detectable by our

fownt
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geologic investigation. The size of such an earthquake, designated the
detection level earthquake, varies according to the degree of natural
preservation of fault-related geomorphic features and from one tectonic
environment to another. The detection level earthquake has been
estimated by: 1) evaluating the dimensions of surface faulting asso-
ciated with worldwide historical earthquakes 1in tectonic environments
similar to the Talkeetna Terrain; 2) identifying the threshold of
surface faulting using a group of thoroughly studied earthquakes in
California; and 3) evaluating the degree of preservation of fault-
related geomorphic features in the Talkeetna Terrain. For this project,
we have judged that the detection level earthquake is magnitude (Mg) 6.

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

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 (Mg) 8.4. This earthquake occurred
outside the Talkeetna Terrain on the interface between the North
American plate and the Pacific plate (Figure 1-1); the associated
rupture and deformation extended to within approximately 88 miles (142
km) of the Project.

Within the site region (62 miles [100 km] from the Project), the level
of historical seismicity on the Benioff zone is at least several

times greater than that of the crustal region. The largest reported
earthquake in the site region (magnitude [Mg] 6-1/4) occurred on
3 July 1929. The focal depth appears to be below the crust, possibly in
the depth range of 25 to 31 miles (40 to 50 km). This depth suggests
that this earthquake may have occurred on the Benioff zone.

1-10
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During three months of mid-1980, a ten-station microearthquake array was
operated to study the area within 30 miles (48 km) of the Project. More
than 260 earthquakes in the magnitude (M) range 0.0 to 3.7 were
ané]yzed.

Earthquake activity recorded by the microearthquake array clearly
delineates two seismic zones. The upper zone of crustal activity occurs
predominantly in the depth range of 5 to 12 miles (8 to 20 km). The
Jower zone of activity defines a northwestward dipping zone (the Benioff
zone) at a depth of 25 miles (40 km) in the southeast to 50 miles
(80 km) in the northwest portion of the microearthquake study area
(Woodward-Clyde Consultants, 1980b). The Benioff zone is approximately
6 to 9 miles (10 to 15 km) thick and is characterized by widely distri-
buted seismicity.

During the three-month period of monitoring, 13 earthquakes of magnitude
(M) 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 relationship for
the Benioff zone microearthquakes is 0.68, similar to that for many
areas worldwide. The magnitude-frequency relationship suggests a
relatively low number of larger earthquakes compared to smaller earth-
quakes. These results are consistent with the historical seismicity
record.

The crustal earthquake activity was found to contain relatively few
events 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 Benioff zone activity. The slope of the
associated magnitude-frequency relationship is 1.48.

1-11
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The 1981 seismicity study included: an evaluation of the tectonic
association of moderate to large earthquakes within or adjacent to the
Talkeetna Terrain; review of small earthquakes within the Talkeetna
Terrain to assess the nature of the stress regime; review of Benioff
zone seismicity to refine the assessment of the magnitude and location
of the largest earthquake that could be expected to occur on the Benioff
zone; and development of a manual for a long-term seismic monitoring
network., The first three topics are discussed in Section 5 and are
summarized below. The network manual has been prepared as a separate
document from this report.

The evaluation of moderate to large historical earthquakes shows that
all of these events Tlarger than magnitude (Mg) 5.6 in the Talkeetna
Terrain occurred in the Benioff zone, adjacent to recognized faults with
recent displacement (such as the Castle Mountain fault), or in the crust
adjacent to the western boundary of the Talkeetna Terrain. The event
near the western boundary of the Terrain is the 1943 earthquake of
magnitude (Mg) 7.3, which had a focal depth of 11 miles (17 km) and
was located approximately 90 miles (145 km) southwest of the Project. A
review of available small-scale satellite imagery and aerial photography
showed several lineaments that could have been sources for this earth-
guake. However, no obvious source was observed during an aerial recon-
naissance of the epicentral region.

Evaluation of the regional stress regime, using records obtained from
the microearthquake network operated during the 1980 study and records
from the University of Alaska Geophysical Institute (UAGI), supports
a northwest-direction of compression. This orientation is consistent
with regional plate tectonic motion and with the tectonic setting of the
Talkeetna Terrain.

Review of worldwide and Alaskan Benioff zone seismicity resulted in
a refined configuration of the Benioff zone. The Benioff zone in

1-12
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south central Alaska is comprised of two regions. In the interplate
region, earthquakes occur along the interface between the subducting
Pacific plate and the overlying North American plate (Figure 1-1).
Relatively large earthquakes, such as the 1964 magnitude (Mg) 8.4
Prince William Sound earthquake, occur along this region. In the
intraplate region, earthquakes occur within the subducting Pacific plate
where it is decoupled from and dips beneath the North American plate.
The maximum earthquakes in this region of the Benioff zone are of
moderate to large size and are smaller than the maximum earthquakes in
the interplate region.

1.8 - Maximum Credible Earthquakes (MCEs)

Maximum credible earthquakes (MCEs) were estimated for the boundary
faults (in the crust and in the Benioff zone) and for the detection
level earthquake (discussed in Section 1.6). The MCEs for the crustal
faults (the Castle Mountain and Denali faults) were estimated using the
magnitude-rupture-length relationships developed by Slemmons (1977b) and
relationships based on Slemmons' data base (U.S. Nuclear Regulatory
Commission, 1981). The rupture area relationship of Wyss (1979) was
also considered. Application of these relationships represents the
state-of-the-practice in the estimation of maximum credible earthquakes.
(Appendix E in the Interim Report [Woodward-Clyde Consultants, 1980b]
describes the details of these relationships.) These relationships
provide essentially the same results for the crustal boundary faults.

The estimated magnitude of the MCE for the Denali fault was revised
from the estimate that was presented in the Interim Report (Woodward-
Clyde Consultants, 1980b). The revision resulted from the evaluation

of recent data, such as that of Slemmons (U.S. Nucliear Regulatory
Commission, 1981).
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The refined configuration of the Benioff zone (discussed in Sections 1.7
and 5.2) distinguishes between the shallow interplate region (where
earthquakes accommodate relative plate motion) and a deeper intraplate
region (where earthquakes accommodate internal deformation within
the Pacific plate) (Figures 1-1 and 5-7). Review of the historical
seismicity in analogous interplate and intraplate regions of the world,
including Japan and South America, was used to estimate the MCE for both
regions of the Benioff zone.

Sources of moderate earthquakes appear to exist within the Talkeetna
Terrain, aithough no faults with recent displacement were detected
by our investigation. Therefore, an MCE was estimated for the de-
tection level earthquake that would be associated with a fault along
which no surface rupture was observed. In summary, the MCEs for the
crustal and Benioff zone seismic sources are estimated as follows:

Closest Approach to
Proposed Dam Sites

MCE Devil Canyon Watana
Source (Mg ) miles/ (km) miles/ (km)
Castle Mountain fault 7-1/2 71 (115) 65  (105)
Denali fault 8 40  (64) 43 (70)
Benioff zone (interplate) 8-1/2 57 (91) 40  (64)
Beniof f zone (intraplate) 7-1/2 38 (61) 31 (50)
Detection level earthquake ) <6 (K10) <6 (K10)

Note:

1. This MCE accommodates the 1964 Prince William Sound earthquake of
magnitude (Mg) 8.4. As discussed by Kanamori (1977), the M.
magnitude scale appears to saturate for this size event, and the
My scale more accurately describes the size of the energy release.
The M, magnitude of the 1964 earthquake is 9.2; this M, magnitude
is represented in the table and in the report by Mg 8-1/2 for
comparison to the other MCEs.
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1.9 - Effect of Reservoir-Induced Seismicity (RIS)

The reservoir that would be impounded behind the proposed Devil Canyon
dam would be 551 feet (168 m) deep, and that behind the Watana dam would
be 725 feet (221 m) deep. The volume of the Devil Canyon reservoir
would be 1.09 x 10% acre-feet (1,348 x 10®m3). The volume of the
Watana reservoir would be 9.56 x 10° acre-feet (11,741 x 106m3). Using
classifications cited by Packer and others (1977), both reservoirs would
be very deep; the Devil Canyon reservoir would be large, and the Watana
reservoir would be very large. Because of the proximity of the two
reservoirs to each other, they would constitute a combined hydrologic
unit that would be very deep and very large.

Given that the combined hydrologic unit described above will be very
deep and very large, the potential for reservoir-induced seismicity
(RIS) was estimated by evaluating reservoir-induced seismicity at
other deep, very deep, and very large reservoirs. Our interpretation of
the results of this comparison indicates that the expected likelihood of
a reservoir-induced earthquake (including microearthquakes) at the
proposed reservoir is 0.46 (on a scale of 0 to 1).

Since the likelihood of a reservoir-induced event is high, it is
important to understand what the maximum reservoir-induced earthquake
is 1likely to be. Previous studies (Packer and others, 1977; Packer
and others, 1979) have presented data that support the concept that
reservoirs can trigger earthquakes by means of increases in pore
pressure or by incremental increases in stress. Because reservoirs act
as triggering mechanisms, they are not expected to cause an earthquake
larger than that which could occur in a given region "naturally."
Rather, the reservoirs are expected to have a potential effect on the

length 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 for the region has been adequately
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defined, the maximum size of a reservoir-induced event 1is Tlimited by
the maximum earthquake that would occur in the region independently of
RIS.

Review of historical RIS data (Packer and others, 1977; Packer and
others, 1979) strongly suggests that reservoir-induced earthquakes
of magnitude (Mg) larger than 5 occur where faults with recent dis-
placement 1ie within the hydrologic regime of the reservoir. Since
no faults with recent displacement were found within the hydrologic
regime of the proposed reservoirs (discussed in Sections 1.6 and 4.4),
the 1ikelihood of an RIS event of magnitude (Mg) greater than 5 is
considered to be very low. However, the detection Timits for faults
with recent displacement 1in this region suggest the theoretical pos-
sibility of the presence of a fault within the hydrologic regime of
the reservoirs that could generate a magnitude (Mg) 6 earthquake
(Section 1.6). Consequently, there is some likelihood that a reservoir-
induced earthquake of up to magnitude (Mg) 6 could occur.

A model was developed to estimate the likelihood that earthquakes of
magnitude (Mg) >4 could occur within the hydrologic regime of the
reservoir during the design 1ife of the Project (Section 6). Applica-
tion of the model shows that a moderate to large RIS earthquake is
unlikely and that RIS has Tlittle effect on values for ground-motion
parameters. The limited effect is due in large part to there being no
faults with recent displacement within the hydrologic regime of the
reservoir and the remote possibility of the presence of an undetected
fault that could be the source of the detection level earthquake. The

results of wusing this model were incorporated into design analysis
(Section 8.2).
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1.10 - Ground Motions

Both deterministic and probabilistic assessments were made of earth-
quake ground motions at the sites. The parameters of ground motions
addressed in these studies included peak horizontal ground acceleration,
response spectra, and duration of strong shaking. Estimated mean peak
horizontal ground accelerations and duration of strong ground shaking
(significant duration) at the sites due to maximum credible earthquakes
are the following:

Mean Peak Acceleration

(g's)
Significant

Earthquake Maximum Watana Devil Canyon Duration

Source Magnitude Site Site (sec)
Benioff zone 8-1/2 0.35 0.3 45
(interplate)
Denali fault 8 0.2 0.2 35
Detection level 6 0.5 0.5 6
earthquake

Response spectra of site ground motions for these maximum credible
earthquakes are presented in Section 8.

Probabilities of exceedance were estimated for various levels of peak
ground acceleration at the Watana site. For probability of exceedance
levels of 50 percent, 30 percent, 10 percent, 5 percent, and 1 percent
in 100 years, the corresponding peak ground accelerations are the

following:
Probability of Exceedence Peak Ground Acceleration
in 100 years at Watana Site (g)
50 percent 0.28
30 percent 0.32
10 percent 0.41
5 percent 4 0.48
1 percent 0.64
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The interplate region of the Benioff zone was found to dominate the
contributions to the probabilities of exceedance. Other sources of
earthquakes, including the Denali fault and the detection level earth-
quake contributed only slightly to the probabilities of exceedance.

At the Devil Canyon site, peak ground accelerations for given probabili-
ties of exceedance would be slightly Tower than those at the Watana site
because the Devil Canyon site is somewhat farther from the Benioff
zone.

Possible design ground-motion criteria were formulated for a maximum
credible earthquake occurring on the interplate region of the Benioff
zone. The criteria are consistent with those typically used for
critical facilities. These criteria, which are presented in Section 8,
included 84th percentile smooth response spectra and an acceleration
time history for use in the seismic analysis of Watana Dam. The
acceleration time history has an appropriately Tlong duration and a
response spectrum that closely fits the 84th percentile response spectra
at the anticipated fundamental natural period of Watana Dam.

Design ground-motion criteria for a detection level earthquake can be
formulated using the same approach as that used for a maximum Benioff
zone earthquake. However, it is also appropriate to consider the
relatively low probability of detection level earthquakes in comparison
to Benioff zone earthquakes in selecting design criteria for a detection
level earthquake.

For non-critical facilities, such as a powerhouse or transmission
towers, the results of the probabilistic studies can be used to aid in
selecting design criteria. Selection of the design criteria may include
consideration of acceptable 1levels of probabilities of exceedence,
economics, and acceptable risks of damage to these facilities.
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1.11 ~ Conclusions

Two sets of conclusions were drawn from the results of the investiga-
tion. The feasibility conclusions are those considered important in
evaluating the feasibility of the Project. The technical conclusions
are those related to the scientific data collected. Both sets are
presented in Section 10. The feasibility conclusions, in summary, are
the following:

1) The faults with known recent displacement closest to the Project
sites are the Castle Mountain and Denali faults. These faults,
and the Benioff zone associated with the subducting Pacific plate,
are considered to be seismic sources. Maximum credible earthquakes
(MCEs) for the Castle Mountain and Denali faults, and the inter-
plate and intraplate regions of the Benioff zone, have been
estimated as: a magnitude (Mg) 7-1/2 earthquake on the Castle
Mountain fault, 71 miles (115 km) from the Devil Canyon site and
65 miles (105 km) from the Watana site; a magnitude (Mg) 8
earthquake on the Denali fault, 40 miles (64 km) from the Devil
Canyon site and 43 miles (70 km) from the Watana site; a magnitude
(Mg) 8-1/2 earthquake on the interplate region of the Benioff
zone, 57 miles (91 km) from the Devil Canyon site and 40 miles
(64 km) from the Watana site; and a magnitude (Mg) 7-1/2 earthquake
on the intraplate region of the Benioff zone, 38 miles (61 km) from
the Devil Canyon site and 31 miles (50 km) from the Watana site.

2) 0f the 13 significant features, nine were found to be lineaments
and four were found to be faults. No evidence of faults with
recent displacement (displacement in the past 100,000 years) was
found on features that pass through or adjacent to the Project
sites; therefore, none of the 13 significant features near the
sites are judged to be faults with recent displacement for purposes
of seismic design.
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The detection Tlevel earthquake (an earthquake that theoretically
could occur on an undetected fault with recent displacement) was
judged to be a magnitude (Mg) 6 earthquake that could occur
within 6 miles (10 km) of either site.

Estimates of peak acceleration, response spectra, and duration of
strong shaking at the sites were made for the Denali fault, the
interb]ate region of the Benioff zone, and the detection level
earthquake. The results of the probabilistic ground-motion
(seismic exposure) study indicate that the source most likely to
cause ground shaking at the site is the interplate region of the
Benioff zone. Possible design criteria have been formulated for
the Benioff zone earthquake.
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2 - INTRODUCTION

2.1 - Project Description and Location

Present conceptual plans for the Susitna Hydroelectric Project (referred
to hereafter as the Project) include two dams and reservoirs in the
Talkeetna Mountains of south central Alaska (Figure 2-1). This 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. (Acres) was selected by the Alaska Power Authority (APA)
to conduct the feasibility study. A Plan of Study (POS) was developed
by Acres that identified the scope of services to be conducted for the
feasibility study (Acres American Inc., 1980).

The overall objectives of the feasibility study were to:

1) Establish the technical, economic, and financial feasibility of
the Project to meet the future power needs of the Railbelt Region
of the State of Alaska;

2) Evaluate the environmental consequences of designing and con-
structing the Susitna Project; and

3) File a complete license application with the Federal Energy
Regulatory Commission.

Woodward-Clyde Consultants was one of a six-member team of consultants
assembled by Acres to meet the objectives of the study. The objectives
and scope of participation in the feasibility study by Woodward-Clyde
Consultants are described in Sections 2.2 and 2.3.
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The Project is Tlocated on the Susitna River, 50 miles (80 km) north-
east of Talkeetna, Alaska, in the Talkeetna Mountains (Figures 1-1 and
2-1). The Devil Canyon site is located at river mile 133 (62.8° north
latitude, 149.3° west longitude); the Watana site is 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.

The Project, as presently planned, would involve two dams on the Susitna
River (Figure 2-1). Plans for the downstream location--the Devil
Canyon site--call for a concrete arch dam having a structural height of
approximately 645 feet (197 meters) and an estimated maximum water
depth of 545 feet (166 meters). The impounded reservoir would be
approximately 26 miles (42 km) long and have a storage capacity of
approximately 1,092,000 acre-feet (1,348 x 106 m3). Plans for the
upstream location--the Watana site--include an earthfill or rockfill dam
having a structural height of approximately 885 feet (270 meters) and an
estimated maximum water depth of 725 feet (449 m). Its impounded
reservoir would be approximately 48 miles (77 km) long and have a
storage capacity of 9,515,000 acre-feet (11,741 x 106 m3) (Acres
American Inc., in press). A transmission line, approximately 365 miles
(588 km) 1long, is planned to connect the power plants at the dam sites
with existing transmission lines.

2.2 - Objectives

The responsibility of Woodward-Clyde Consultants for the Project
Teasibility study was defined in Task 4 of the POS prepared by Acres and
issued by the APA in February 1980. The objectives of the POS assigned
to Woodward-Clyde Consultants were to:
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a) Identify faults that have the potential for surface rupture through
the Project or the potential for significant ground motions at the
Project;

b) Estimate the dimensions of surface rupture and estimate the ground
motions at the Project;

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

d) Assess the potential for reservoir-induced seismicity and seis-
mically induced landslides in the reservoir area; and

e) Identify soils that would be susceptible to seismically induced
failure along the proposed transmission line and access routes.

Task 4 of the POS is subdivided into subtasks 4.01 through 4.15. These
subtasks were identified by Acres to meet the overall objectives
of Task 4 of the POS. The subtasks were established to provide the
geologic, seismologic, and earthquake engineering data needed to assess
the feasibility of the Project. The correspondence of the subtasks
identified by Acres to the objectives of Task 4 of the P0OS are listed in
Table 2-1.

The objectives (a through e) described above are addressed by the
following subtasks and sections of the report:

° Objective (a) is addressed by Subtask 4.11, and the results are
presented in Section 4;

Objective (b) is addressed by Subtasks 4.11 and 4.13, and the
results are presented in Sections 4 and 8;
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Objective (c) is addressed by Subtask 4.14 as a consulting service,
as described below;

Objective (d) is addressed by Subtask 4,10, and the results are
presented in Section 6; and

Objective (e) 1is addressed by Subtask 4.15, and the results are
presented in Section 9.

Subtasks 4.01 through 4.08, reported in the Interim Report (Woodward-
Clyde Consultants, 1980b), were conducted in 1980 to provide data for a
preliminary assessment of project feasibility. Subtasks 4.09 through
4.15 were conducted in 198l. This Final Report presents the results
from all subtasks conducted during the two-year investigation, except
Subtasks 4.09 and 4.14. Subtask 4.09 is a manual for a long-term
earthquake monitoring system that is presented in a separate document.
Subtask 4.14 consisted of consultation without a report requirement.

The results presented in this report were developed for the purpose of
evaluating Project feasibility and should be reviewed when final dam
design is considered. The results are provided in support of the
license application to be submitted to the Federal Energy Regulatory
Commission (FERC) by Acres on behalf of the APA.

2.3 - Scope

This report is the product of a two-year investigation intended to
provide data for seismic design feasibility considerations. In this
report, the work conducted during the first year will be referred
to by the term "1980 study"; work conducted during the second year
will be referred to by the term "1981 study." The term "investigation®
will be used for the two-year program.
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The multidisciplinary approach used during this investigation involved
~interaction among a team of structural geologists, Quaternary geolo-
gists, seismologists, and earthquake engineers. Their task was the
analysis of potential seismic sources, recency of fault displacement,
surface rupture potential, and ground-motion parameters. The scope of
work for Subtasks 4.01 through 4.08 is discussed in Section 2 of
the Interim Report (Woodward-Clyde Consultants, 1980b). For subtasks
4,09 through 4.15, a scope of work was developed which included the
following:

a) a detailed compilation and review of information describing the
Quaternary geology of the site region; this information included
aerial photography at scales of 1:24,000, 1:44,000, and 1:125,000
and LANDSAT imagery at a scale of 1:250,000;

b) acquisition and interpretation of low-sun-angle aerial photography
of the area within 6 miles (10 km) of each dam site and along
selected segments of the Talkeetna thrust fault and the Susitna
feature;

c) geoleogical field studies of the Quaternary geology and of 13
significant features. These studies included aerial reconnais-
sance, field mapping, interpretation of aerial photographs,
geophysical surveys, age dating, trench excavation and logging, and
review of pertinent mine data;

d) development of a plan for a long-term seismic monitoring network
and preparation of a manual for use in implementing the network;

e) review and analysis of records of selected historical moderate
to large earthquakes within or adjacent to the Talkeetna Terrain;
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review and analysis of records of selected earthquakes in the
Talkeetna Terrain to provide additional insights into the stress
regime of the Terrain;

review and analysis of worldwide Benioff zone earthquakes to
refine preliminary estimates of the maximum credible earthquakes
(MCEs);

review and analysis of worldwide moderate to large earthquakes to
assess the magnitude of the detection level earthquake;

development of a statistical model to incorporate the effect
of reservoir-induced seismicity on seismic design parameters;

assessment of the potential for reservoir-induced seismicity;

estimation of maximum credible earthquakes (MCEs) for Talkeetna
Terrain boundary faults and estimation for each MCE recurrence
interval and rupture length;

evaluation of attenuation relationships for crustal and Benioff
zone seismicity in Alaska and selection of appropriate relation-
ships for establishing seismic design parameters;

selection of seismic design parameters using both deterministic and
probabilistic approaches;

interpretation of aerial photography along the rights-of-way of the
proposed access road and transmission line to identify potential
areas of seismically induced failure, such as landslides and
liquefaction; and

preparation of this report to summarize the results of the two-year
investigation.
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Completion of the scope of the two-year investigation involved approxi-
mately a 130-person-month Tlevel of effort. This included: approxi-
mately 30 person-months for the data compilation, 70 person-months for
the field studies, and 30 person-months for data analysis and report
preparation.

2.4 - Fault Study Rationale

2.4.1 - Conceptual Approach

The conceptual approach to studies of faults, including faults
with recent displacement, was reviewed in detail in the Interim
Report (Woodward-Clyde Consultants, 1980b). The following is a
summary of the key aspects of the approach used to guide the
overall investigation.

a) The earth's crust is comprised of a series of plates that are
moving in relation to one another. Plate movement can result
in collisions with resultant subduction (underthrusting of one
plate beneath another).

b) When two crustal plates collide, the plate with the heavier
crust is usually subducted (underthrust) beneath the other.
Eventually the subducted plate falls or is thrust downward
into the upper mantle and becomes detached from the overriding
plate. Since plates from the oceanic crust are heavier
than continental plates, the oceanic plates are generally
underthrust.

c) Where subduction is occurring, the subduction process gene-
rates tectonic stress: within the downgoing plate, within the
overriding crustal plate, and along the interface between the
two plates where they are in contact with one another.

2 -7
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d)  The subduction process leads to a complex pattern of deforma-
tion, faulting, and seismic activity. An understanding of the
subduction process provides the seismotectonic framework
within which to evaluate the significance of faults and
earthquakes.

e) Tectonic stress can lead to displacement along fault planes.
The resulting instantaneous release of energy (an earthquake)
produces seismic waves; these waves are propagated through the
earth's crust and mantle and result in ground motion that is
commonly referred to as earthquake shaking.

f) Faults that are sources of earthquakes are typically subject
to repeated displacements as long as the tectonic stress
environment remains unchanged. Therefore, faults that show
evidence of recent displacement are assumed to have the
potential for future displacement.

g) Rupture of the ground surface occurs during an earthquake if
the energy is released at a sufficiently shallow depth along a
fault that intersects the ground surface. When the energy
release occurs deeper in the crust or beneath the crust, or
when the energy release is small relative to the depth of
release, the fault does not rupture the ground surface.

h)  The direction and rate of movement between plates has changed
during geologic time, resulting in a changed tectonic stress
environment. After such a change, displacement may occur
on some pre-existing faults and cease on other faults.
Therefore, faults that were sources of earthquakes in a
previous tectonic environment, and are found to be faults
without recent displacement in the current tectonic environ-
ment, are not likely to be sources of earthquakes in the
current tectonic environment.

2 -8
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i)  The frequency of earthquakes is related to the cyclic elastic
strain buildup and release by fault rupture; therefore, the
frequency varies greatly from one part of the earth's crust to
another. The interval between earthquakes on the same fault
or fault system may be longer than the period for which
historical records of earthquakes are available. Therefore,
the most reliable approach to evaluating the frequency of
earthquakes is one which utilizes an understanding of both the
geologic record and the historic seismicity record.

j) Earthquakes and the related surface rupture potential at a
given location in the earth's crust or Tlithosphere can be
evaluated by using the history of surface fault rupture (or
displacement) that is expressed in the geologic record of the
past. As most commonly applied, if displacement has occurred
on a fault within a specified past time period, 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 earth-
quakes. This potential is considered in the design of that
project. Guidelines defining what is considered "recent
displacement" for this project are described in Section 2.4.2.

k) A fault that has been subject to frequently occurring and
large recent displacement appreciably affects the surface
geology and topography. For these faults, the record of past
earthquakes in the surface geology and topography is clearly
recognizable. A fault that has been subject to relatively
infrequent and small displacement may not greatly affect
the landscape. The evidence of these displacements may
be difficult to detect and to evaluate; however, it is
improbable that all evidence of young faulting would be
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completely obliterated by weathering, erosion, and deposition.
Experience during the past decade or so indicates that it is
very unlikely for faults with recent displacement to have no
effect on the landscape. Geologists that are experienced in
assessment of recent fault displacement can detect these
faults (Sherard and others, 1974).

2.4.2 Guidelines for the Identification of Faults with Recent
Displacement

Regulatory definitions of a fault with recent displacement, such as
those discussed in the Interim Report (Woodward-Clyde Consultants,
1980b), can lead to a simplistic and possibly misleading concept of
the significance of a particular fault. If a fault has been
subject to displacement within a specified past 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, consider a fault that has been subject to 0.2 inches (5
mm) of displacement every 75,000 years and a second fault that has
been the source of 3.3 feet (1 m) of displacement every 10,000
years. Both faults can be considered to have recent displacement
(if displacement within the past 100,000 years is used as the
definition of a fault with recent displacement); however, the first
fault is a much less important source of earthquakes than the
second fault when measured in terms of the size of the displacement
and the frequency of occurrence. For purposes of dam design, the
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.

2 - 10
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Dams have been designed to accommodate ground motions from rela-
tively large earthquakes that may occur relatively close to the
dam.  For example, the San Pablo Dam in California is designed
to accommodate the ground motions of a magnitude (Mg) 8-1/2 event
on the San Andreas fault and a magnitude (Mg) 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
accommodate surface rupture. For example, the Coyote Springs Dam,
built in California 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.

Consequently, any consideration of faults with recent displacement
ultimately needs to address not only how recently fault displace-
ment has occurred, 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 manner by the designer of the dam. Explicit geologic
evidence for the recency of displacement along a fault may not
exist; for these faults, the available data and experience with
other faults are used in the final evaluation.

The guidelines for this investigation were conservatively selected
by Acres in the absence of criteria established by FERC, the
review agency to whom the license application will be submitted.
The guidelines were selected after available regulatory and
dam-building agency guidelines were reviewed (these agency guide-
lines are summarized in the Interim Report [Woodward-Clyde Consul-
tants, 1980b]) and after discussions were held with project team
members. The guidelines were based on state-of-the-practice
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knowledge for identifying faults with recent displacement that
should be considered in dam design; further refinements of this
knowledge should be incorporated into future studies and into these
guidelines. The guidelines are as follows:

1) A1l Tlineaments or faults that have been identified 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) A1l features identified as faults that have been subject to
displacement in approximately the past 100,000 years should be
considered to have had recent displacement. A1l faults having
recent displacement should be considered when assigning design
criteria for ground motions or for surface displacement at the
structure sites.

3) If a lineament or a suspected branch of a lineament is within
6 miles (10 km) of either site, then a detailed investigation
should be made to establish whether or not the lineament or
branch can be considered to have recent displacement and
whether the potential exists for displacement in the dam
foundation.

4) Lineaments more distant than 6 miles (10 km) from a dam site
that could cause significant ground motion at the site if they
were faults with recent displacement should be investigated in
detail. An assessment should be made of whether or not a
lineament is a fault and if it has been subject to recent
displacement.

2 - 12
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2.5 - Methodology

The purpose of this 1investigation was to estimate, for consideration
of Project feasibility, the values of seismic design parameters for
ground motion and rupture of the ground surface during earthquakes. The
interrelationship of each step of our interdisciplinary program is shown
in Figure 2-2.

The methodology used to identify seismic source parameters and sources
of potential fault rupture through the sites included the following key
items:

1) Identification of faults with recent displacement. This included
studies of crustal faults and lineaments using the methods dis-
cussed in Section 4 and Appendix A.

2) Identification of seismic sources, including crustal faults with
recent displacement and Benioff zone sources. This included
studies of historical earthquakes using methods discussed in
Section 5 and the studies of faults with recent displacement
discussed in item (1) above.

3) Evaluation of and selection of a detection level earthquake,
which represents an earthquake whose source (a fault with recent
displacement) would not be detected at the surface. The detailed
methology for this work is discussed in Section 4.2.

4)  Estimation of maximum credible earthquakes for each of the seismic
sources. The methodology for this work is discussed in Section 7.

5) Development of attenuation relationships for the seismic sources
using methodologies described in Section 8.

2 - 13
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6) Estimation of ground-motion parameters for the seismic sources.
A deterministic approach has been used; that is, the maximum
earthquakes is assumed to occur during the lifetime of the Project
at the closest approach of the seismic source to the Project.

2 - 14
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PROJECT SUBTASKS AND OBJECTIVES

Subtask Number and Description

Objective

4.01

4.02

4.03

4.04

4.05

4.06

4.07

4.08

4.09

4.10

4.11

Review of Available Data

Short-term Seismologic
Monitoring Program

Preliminary Reservoir-
Induced Seismicity

Remote Sensing Image
Analysis

Seismic Geology
Reconnaissance

Evaluation and
Reporting

Preliminary Ground-
Motion Studies

Preliminary Analysis of
Dam Stability

Long-term Seismologic
Monitoring Program

Reservoir-Induced
Seismicity
Seismic Geology
Field Studies

Evaluation and Reporting

Ground-Motion Studies

Dam Stability
Consulting Services

Soil Susceptibili{y to
Seismically-Induced
Failure

Acquire, compile, and review existing data, and identify
the earthquake setting of the Susitna River area.

Establish initial monitoring system, obtain and analyze
basic seismologic data on potential earthquake sources
within the Susitna River area and supply information
required to implement a more thorough long-term monitoring
program (Subtask 4.09).

Evaluate the potential for the possible future occurrence
of reserveoir-induced seismicity (RIS) in the Susitna
Project area.

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

Perform a reconnaissance investigation of known faults in
the Susitna River area, ‘and of lineaments that may be
faults, identify active faults, and establish priorities
for more detailed field investigations.

Complete a preliminary evaluation of the seismic environ-
ment of the project, define the earthquake source para-
meters required for earthquake engineering input in
design, and document the studies in reports suitable for
use in design studies.

Undertake a preliminary estimate of the ground motions
{(ground shaking) to which proposed project facilities may
be subjected during earthquakes.

Provide input for preliminary evaluations of the seismic
stability of proposed earthfill, rockfill, and/or concrete
dams during maximum credible earthquakes.

Develop a long-term seismologic monitoring program to
provide a continuing source of seismological data for
refinement of the seismic design aspects of the project
during the detailed design phase.

Refine the estimate for the potential for reservoir-
induced seismicity made in Subtask 4.03.

Perform seismic geology field studies to identify faults
that may be active and in the vicinity of the selected dam
sites.

Refine the evaluation of the seismic environment and the
earthquake source parameters derived in Subtask 4.06,
complete the reporting of all the fieldwork and studies
undertaken in Subtasks 4.01, 4.05, and 4.09 to 4.11,
and provide coordination and management to Subtasks 4.09
to 4.11.

Refine the estimate of ground-motion characteristics made
in Subtask 4.07.

To provide consulting assistance to the Acres design group
engaged in the feasibility design of the dams.

Provide input on behavior of those areas along the
transmission line and major access road routes that appear
to be underlain by soils particularly susceptible to
seismically-induced ground failure such as liquefaction or
tands1iding.
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3 - QUATERNARY GEOLOGY

3.1 - Introduction

Quaternary geology involves the study of geological processes in
recent geologic time (i.e., the past 1.8 million years). In the site
region these processes are primarily of glacial origin. As shown in
Figure 3-1, the Quaternary Period includes the Holocene and Pleistocene
epochs.

An understanding of the extent and age of Quaternary sediments and
surfaces (collectively referred to here as surfaces) is important to
seismic geology studies. This importance is related to the assessment
of recency of displacement along a fault. If activity on a fault
has produced surface displacement in recent geologic time, the young
(Quaternary) surfaces would 1likely include evidence of deformation.
When the age of the deformed surfaces is known, then the recency of the
fault displacement and the number of displacements can be assessed.

Conversely, if a fault has not produced surface displacement in recent
geologic time, then the overlying young (Quaternary) surfaces would not
be deformed. When the age of the overlying surfaces is known, then the
length of time during which there has been no displacement can be
assessed.

Within the site region, the late Quaternary surfaces are of greatest
interest to the seismic geology study. These surfaces include those of
Holocene and Pleistocene age (including the Wisconsinian and Illinoian
stages). This interest is due in large part to their extent and age.
These surfaces are present throughout the site region, and their age
ranges from a few years to approximately 120,000 years before present
(y.b.p.) (Figure 3-1). One of the project objectives was to identify

LIBRARY

of the Interlor




Woodward-Clyde Consultants

faults with recent displacement. A fault with recent displacement was
defined for this Project as a fault that has had surface rupture during
the past 100,000 years (Section 2.4.2). Therefore, the ability to
assess the presence or absence of fault displacement in the late
Quaternary surfaces is pivotal to the identification of faults with
recent displacement.

The approach to Quaternary geology studies used during this investiga-
tion was to develop an understanding of 1) the Pleistocene glacial
geology of southern Alaska, and 2) the late Pleistocene (Wisconsinian
and I1linoian) glacial geology within a region (designated as the
Quaternary study region) encompassing the project sites and major
segments of the 13 features identified in the Interim Report (Woodward-
Clyde Consultants, 1980b). Figures 3-2 and A-1 show the Quaternary
study region. |

In 1980 the Quaternary geology study involved a preliminary literature
review, limited aerial photography and imagery interpretation, and
aerial reconnaissance of selected areas. The results of this work are
summarized in Sections 6 and 7 of the Interim Report (Woodward-Clyde
Consultants, 1980b). During 1981, the second year of the investigation,
the Quaternary geology study involved:

a) a complete review of pertinent literature;

b) detailed interpretation of large- and small-scale aerial photo-
graphy;

c) preparation of a preliminary map based on (a) and (b), prior to
the field season, showing the extent and estimated age of late
Quaternary surfaces;
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d) field programs, including field mapping of key areas, excavation
of test pits, and collection of relative age (weathering) data, and
collection of material for radiocarbon age dating;

e) radiocarbon age dating of 11 samples; and

f) data synthesis and revision of the preliminary map of late Quater-
nary surfaces, listed in (c) above; this revised map is shown in
Figure 3-2.

This section of the report presents a summary of the results of these
Quaternary studies. The details of the work, including the methodology
used, are presented in Appendix A. Two components of the methodology
are particularly important to understanding how age determinations and
correlations were made in the Quaternary study region. These are the
relative age (weathering) dating technique and the correlation technique
used to correlate glaciogenic features according to their relative
elevation and age,

The relative age (weathering) dating technique involved the use of
procedures and relationships similar to those used by Ten Brink in the
Alaska Range (Ten Brink and Waythomas, in press; Werner, in press)
(Appendix A.1.3.2). The technique is referred to hereafter as the
relative age dating technique. It involves the measuring of weathering
characteristics (such as the proportion or ratio of fresh, partially
weathered, and weathered granitic boulders, or the depth of oxidation)
of moraines. Differences in these characteristics, combined with
radiocarbon age dates, moraine elevation, and moraine morphology were
used to distinguish between the different aged surfaces (e.g., Early and
Late Wisconsin surfaces) in the Quaternary study region. In addition,
the relative age dating results from this study were compared with the
radiometrically dated scale of Ten Brink and Waythomas (in press)
developed in the Alaska Range (Table A-1).
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The correlation of maximum elevations among glaciogenic features with
similar morphologic characteristics was used to assess the vertical and
horizontal extent of the glaciations in the Quaternary study region.
(Similar morphologic characteristics are suggestive of similar age, as
discussed in Appendix A.1.3.2.) To make these correlations, radiocarbon
and relative age dating of glaciogenic features was conducted in key
areas (such as those described in Section 3.4 below) to establish
the maximum elevation of a glacier in those areas during specific
glaciations.  Subsequent identification of glaciogenic features with
similar characteristics in other portions of the study area were used to
correlate the glacial maximum throughout the Quaternary study region for
each given glacial period. In this manner, the maximum elevation of ice
for the various glaciations was estimated and the extent of these
glaciations was assessed for the Quaternary study region (Figure 3-2).

Using the above two components of the methodology, as well as the
others discussed in Appendix A.1.3, the late Quaternary geology for the
Quaternary study region was accomplished.

The following discussion in this section: a) briefly reviews the
regional late Quaternary setting of southern Alaska; b) summarizes the
age and extent of Quaternary surfaces that were encountered in the
Quaternary study region; c) briefly discusses the key areas for which
Quaternary geologic relationships were used to develop the Quaternary
geology map (Figure 3-2); d) summarizes the glacial geology of the
Quaternary study region; and e) summarizes the relationship of Quater-
nary surfaces to the 13 features selected for field work during the 1981
field study (Section 4.4).

3.2 - Regional Pleistocene Geology Setting

Previous investigations of the Quaternary geoclogy of south central
Alaska have been either generalized regional studies or detailed studies
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of specific areas of limited extent. Representative regional studies
include those of Karlstrom and others (1964), Coulter and others (1965),
Pewé and others (1965), and Pewé (1975).

Among the numerous detailed studies that have been conducted in areas
near the Talkeetna Mountains are those by: Miller and Dobrovolny
(1959), Karlstrom (1964), Trainer and Waller (1965), Schmoll and others
(1972), for the Cook Inlet area; Wahrhaftig, (1958), Thorson and
Hamilton (1977), Ten Brink and Waythomas (in press), for the central
Alaska Range; and Chapin (1918) and Ferrians and Schmoll (1957), for the
Copper River Basin.

Little information was available prior to this investigation regarding
the Quaternary surfaces and history of the Talkeetna Mountains, although
a lTimited amount of data pertinent to Quaternary surfaces in the
Talkeetna Mountains has been presented by Bowers (1979) and by Terres-
trial Environmental Specialists (1981).

The regional and detailed studies cited above provide information
regarding the Quaternary geologic history of southcentral Alaska.
These studies suggest that the Talkeetna Mountain region existed as
an extensive mountainous to rolling upland at the beginning of the
Quaternary Epoch, approximately 1.8 m.y.b.p. Subsequent to that time a
series of climatic fluctuations, with conditions ranging from temperate
to polar, apparently began to affect the region. The fluctuating
climate, which characterized the region throughout the Quaternary
Epoch, lead to several periods of extensive glaciation during polar
conditions. At its Quaternary maximum, glacier ice formed an ice
cap over the Talkeetna Mountains. These periods of glaciation were
separated by interglacial periods with relatively temperate climatic
conditions generally similar to those now found in the region.
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The general regional picture of alternating glacial and interglacial
periods along with specific evidence within the Talkeetna Mountains
suggests that, following the Quaternary glacial maximum for the region,
subsequent glacial advances were not extensive enough to produce an ice
cap over the mountains. In fact, the available evidence indicates a
series of glaciations of sequentially decreasing extent. It was these
more recent glaciations that produced the glacial, glaciofluvial, and
glaciolacustrine landforms and sediments that now dominate the Talkeetna
Terrain. There is relatively little evidence, however, on which to base
an interpretation of interglacial conditions.

Although glaciers covered only about 50 percent of the present area
of Alaska during the Quaternary Epoch, south central Alaska, south of
the crest of the Alaska Range, was nearly completely glaciated (Pewé:
1975).

Among the more recent glaciations that occurred in the Talkeetna
Mountains, four were recognized during this investigation in the
Quaternary study region (Figure 3-2). The glaciations and their
respective ages are: pre-Wisconsin, >100,000 y.b.p.; Early Wisconsin,
75,000 to 40,000 y.b.p.; Late Wisconsin, 25,000 to 9,000 y.b.p.,
which included four stades, each of which was less extensive than
the preceding one; and Holocene, <9,000 y.b.p. Figure 3-2 shows the
surfaces of the pre-Wisconsin stage, the Early Wisconsin stage, and the
first and last stade (Stades I and IV) of the Late Wisconsin stage.
These are shown because of their extent in the Quaternary study region.
Holocene surfaces are not shown in this figure because of their limited
extent and their distance from the 13 features being studied for recency
of fault displacement.

The ages for the four glaciations were assigned on the basis of radio-
carbon age dates obtained for this study and generally accepted age
assignments for similar glacial sequences elsewhere in Alaska (Hopkins,
1967; Flint, 1971; Pewé, 1975; Weber and others, 1980; Ten Brink and
Waythomas, in press).
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During the four glaciations, ice advanced from three source areas: the
Alaska Range to the north of the Quaternary study region; the southern
and southeastern Talkeetna Mountains; and the Talkeetna Mountains north
and northwest of the Susitna River. 1In the Quaternary study region, the
glaciers from these sources coalesced to form a piedmont glacier that
flowed through the intermountain basin (shown in Figure A-1) that
includes the Susitna River (near the Watana site), Watana Creek, and
Stephan Lake areas. Glacial flow was dominantly to the south and
southwest and left a variety of landforms, surfaces, and sediments.

The following sections summarize the results of our investigation of
these landforms and sediments. They are intended to document the basis
for the application of the results to the assessment of the recency of
fault displacement on features near the sites.

3.3 - Age and Extent of Quaternary Surfaces in the Quaternary

Study Region

The 1981 Quaternary geology study led to the identification of ten types
of Quaternary glaciogenic features that were used in part to interpret
the age and extent of Quaternary surfaces in the Quaternary study
region. These features include: till, Tacustrine deposits, outwash
deposits, ice disintegration deposits, kame terrace deposits, fluvial
deposits, fluting, trimlines, side glacial channels, and an assortment
of glacially sculptured bedrock forms including whalebacks, stoss
and lee, and grooves. The characteristics used to distinguish these
 9laciogenic features are summarized in Table 3-1,

The morphologic characteristics of the Quaternary glaciogenic features
along with their elevation, radiocarbon age dates obtained from car-
bonaceous material, and relative age characteristics were used to
develop an understanding of the age and extent of late Quaternary
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surfaces in the Quaternary study region. The results of this inter-
pretation are shown in Figures 3-2 and 3-3. The relationship of these
surfaces to the 13 features (whose seismic source potential was studied
in 1981) is summarized in Figure 3-4. ‘

The age and extent of Tlate Quaternéry surfaces in the Quaternary study
region, as summarized in Figure 3-2, are interpreted to be as follows:

a) Pre-Wisconsin surfaces are preserved at higher elevations than are
Wisconsinian surfaces. Elevations range from above 4,200 feet
(1,280 m) in the northern section of the Quaternary study region to
3,100 feet (945 m) in the southern portion of the region.

b) Early Wisconsin surfaces typically are preserved along the margins
of topographically elevated areas (such as those on either side
of Butte Lake [Figure 3-6A] and the broad upland south of the
Susitna River between Kosina Creek and Oshetna River [Figure 3-2]).

c) Surfaces associated with early stades of Late Wisconsin glaciation
are present on the basin and valley floors and mid to Tow valley
walls of the Quaternary study region within the Talkeetna Mountains
(Figure 3-2). The Portage Creek, Deadman Creek, and Watana Creek
valleys and the Stephan Lake-Fog Lakes area are typical of the
areas with Late Wisconsin glacial surfaces.

d) Surfaces associated with the last stade of Late Wisconsin glacia-
tion (i.e., those resulting from the last advance of glacial ice
in Wisconsinian time) are found in valleys leading down from the
high elevations in the Talkeetna Mountains and in the basin floor
areas at the mouths of some of these valleys. In addition, the
Monahan Flat area (which lies between the Alaska Range and the
north end of the Quaternary study region) and the Butte Creek
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area have extensive surfaces from the last stade of the Late
Wisconsin stage (Figure 3-2). These last stade deposits are the
result of mountain glaciers which emanated from the high elevations
of the Talkeetna Mountains (in the northwest corner and the
southern portion of the Quaternary study region) and from glacial
jce that moved southward from the Alaska Range across Monahan Flat
and locally into the lower elevations of the Butte Creek area.

3.4 - Key Quaternary Study Areas

Four key areas within the Quaternary study region were studied in detail
to provide a basis for-interpreting the age and extent of Quaternary
surfaces. These four areas have been designated as the Black River
area, the Clear Valley area, the Butte Lake area, and the Deadman
Creek area. The location of these areas is shown in Figure 3-2.
Figures 3-5 and 3-6 show the results of the studies conducted in these
areas and include the morphostratigraphic units that are present, the
age of these units, the location of test pits, and radiocarbon sample
locations.

In order to develop the Quaternary geology map shown in Figure 3-2 and
the cross-section shown in Figure 3-3, the results of the studies in
these four key areas were used along with: additional radiocarbon
age dates from the Quaternary study region (the locations of the
dated material are shown in Figure 3-2, and the ages are summarized in
Table 3-2); the interpretation of aerial photos; and aerial reconnais-
sance and ground reconnaissance mapping. The following discussion

summarizes the key data that were obtained from these four areas.
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3.4.1 - The Black River Area

The Black River area is located south of the Susitna River near the
Copper River basin in the southeastern part of the Quaternary study
region, as shown in Figures 3-2 and 3-5A. The area is part of a
broad undulating plain in the eastern Talkeetna Mountains that
merges with the adjacent Copper River basin, as discussed in
Section A.1.4.6. Three morphologically distinct, glacially scoured
topographic surfaces of pre-Wisconsin, Early Wisconsin, and Late
Wisconsin age have been beveled into this plain by succeeding
less extensive glaciations. Two of these surfaces, those of the
Early and Late Wisconsin stages, were observed in the Black River
area. In addition, the last stade of the Late Wisconsin stage is
represented by glacial sediments, as shown in Figures 3-2 and 3-5A.

Studies were conducted of the Late Wisconsin surfaces to assess the
extent of glacial ice in the eastern Talkeetna Mountains and the
adjacent Copper River basin during Early and Late Wisconsin
time. At the junction of the Susitna and Oshetna Rivers, north of
the Black River area (Figure 3-2), ti11 was observed to interfinger
with highly deformed lacustrine and deltaic deposits. A sample
(S47-4) of wood obtained from the lacustrine sediments gave a
radiocarbon age date of >37,000 y.b.p. (Table 3-3). These rela-
tionships strongly suggest that the till and Tlacustrine deposits
are of Early Wisconsin age. Stratigraphic evidence suggests that
Late Wisconsin ice did not advance into the lower reaches of the
Black and Oshetna Rivers nor into the Susitna River in the eastern
Talkeetna Mountains (Figure 3-5A).

Mapping, based on aerial photo interpretation, of the extent of

moraines and relative age dating results corroborate the limited
extent of Late Wisconsin ice in this area. As shown in Table 3-3
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and Figures 3-2 and 3-5A, moraines BR-1, BR-2, and BR-3 (Late
Wisconsin age) and deposits of similar age are interpreted to
terminate 6 to 7 miles (10 to 11 km) south of the Susitna River.

From these data, Early Wisconsin glacial ice is inferred to have
moved northward into the Black River area from southerly sources
in the high elevations of the Talkeetna Mountains. This ice is
believed to have coalesced with ice moving from the Copper River
basin westward along the Susitna River valley. Late Wisconsin
glacial 1ice is inferred to have moved northward, down the Black
River area, from southerly sources at high elevations in the
Talkeetna Mountains. The glaciers were of limited extent, and ice
did not move out of the Black River area. '

3.4.2 - The Clear Valley Area

The Clear Valley area lies approximately 7 miles (11 km) south of
the Watana site (Figure 3-2). It is a glaciated valley that opens
into the lowland area associated with Fog Lakes and Stephan Lake,
as discussed in Section A.1.4.1. Twelve closely nested moraines,
glacial trimlines, and ice marginal channels have been used
to develop the glacial chronology in this area, as shown in
Figures 3-2 and 3-5B.

Pre-Wisconsin periglacial effects are present above elevation
3,100 feet (945 m). These effects are primarily those of well
developed frost-shattered boulder fields.

Studies of the 12 nested moraines were conducted to distinguish
the extent and elevation of Early and Late Wisconsin glacial
ice in proximity to the Watana site. Moraine morphology, relative
age dating, and cross-cutting relationships were interpreted to
show a distinct difference in age between the Tower seven moraines
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(CL-1 through CL-7 4in Figure 3-6B) and the upper five moraines
(CL-8 through CL-12) (Table A-1). In addition, the distal end
of moraines CL-6 and CL-7 bend southwestward and lose their
topographic identity in the area of ground moraines at elevation
2,500 to 2,700 feet (762 to 823 m). This deflection and loss of
topographic expression suggests that Late Wisconsin ice from the
Clear Valley area merged with a southwestward flowing piedmont
ice sheet that flowed through the intermountain basin that is
delineated in Figure A-1. It further suggests that the 2,500 to
2,700 feet (762 to 823 m) elevation represents the upper limit of
Late Wisconsin ice in the basin.

The last stade (Stade IV) of Late Wisconsin ice is prominently
represented in the Clear Valley area by ice disintegration features
including eskers, kame deltas, and kettles. The relationship of
these features to the earlier Late Wisconsin moraines suggests that
glacial ice moved northward from the high areas south of the Clear
Valley area. The advance, however, did not extend into the basin
floor area at the mouth of Clear Valley and adjacent valleys.

A small Holocene lake was dammed by a ti11 and bedrock ridge in the
basin floor area north of the Clear Valley area (Figure 3-5B)
probably beginning in the waning stages of the Late Wisconsin
time and continuing into Holocene time. A radiocarbon age date of
approximately 3,500 years before present was obtained from the
lacustrine deposits (Sample S4-1).

The glacial chronology in the Clear Valley area (along with the
results of studies conducted in the Stephen Lake and Fog Lakes
areas) shows that the age of surfaces overlying the Talkeetna
Thrust fault and Susitna feature south of the Susitna River are
predominantly of Late Wisconsin age (Figure 3-4). This chronology
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provided the basis for interpreting the age of the higher surfaces
along the southwestern section of the Talkeetna thrust fault to be
Early Wisconsin and pre-Wisconsin in age (Figure 3-4).

3.4.3 - The Butte Lake Area

This area lies at the north end of the Talkeetna Mountains and is
separated from the Alaska Range to the north by a broad lowland
called Monahan Flat (Figures 3-2 and A-1). The area includes a
northeast-southwest trending linear valley, containing Butte Lake,
that opens into the Monahan Flat lowland (as discussed in Section
A.1.4.5). Within the broad, U-shaped valley, drainage patterns and
directions have been altered by glacial erosion and deposition.
The valley bottom is predominantly mantled by till while the upper
valley walls are mantled by frost-shattered boulder fields.

Late Wisconsin glaciation resulted in glacial ice moving through
the Butte Lake valley up to a maximum elevation of 3,900 feet
(1,189 m). The elevations of Late Wisconsin end moraines suggest
that as many as nine individual moraines may be present. The
clustering of these moraines, the breaks in slope, and the surface
morphologic contrasts led to the identification of four Late
Wisconsin stades (ice pulses of glacial advance within the Late
Wisconsin glacial stage). These stades appear to be similar in age
and duration with those observed by Ten Brink and Waythomas (in
press) in the Alaska Range.

The maximum elevation of these four stades are: Stade I is 3,900
feet (1,189 m); Stade II is 3,600 to 3,800 feet (1,098 to 1,159 m);
Stade IIT is 3,200 to 3,300 feet (976 to 1,006 m); and Stade IV
is 3,000 to 3,100 feet (915 to 945 m). Stades I and IV are shown
in Figures 3-2 and 3-6A; Stades II and III are not delineated
because of the limited control on their extent.
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The Late Wisconsin ice in the Butte Lake valley is of pre-last
stade, i.e., older than 11,000 years before present. The Stade IV
glacial ice from the Alaska Range was of insufficient thickness
to move into the Butte Lake valley from Monahan Flat, and the
glaciers from the area to the west did not move into the valley.

These studies show that the age of the surfaces overlying the
Susitna feature in the northern Talkeetna Mountains is Late

Wisconsin in age.

3.4.4 - The Deadman Creek Area

This area lies north-northeast of the Watana site as shown in
Figure 3-2. Deadman Creek flows southwestward in the intermountain
basin at the base of the northwest section of the Talkeetna
Mountains, as discussed in Section A.1.4.4. This part of the basin
floor is almost entirely mantled by hummocky ice disintegration
deposits and Tacustrine plains (Figure 3-6B). Intervening areas
are ground moraine or beveled bedrock outcrops.

Frost-shattered boulder fields above 4,100 feet (1,250 m) suggest a
maximum elevation for Wisconsinian glaciations. The maximum
elevation for Early Wisconsin moraines is 4,100 feet (1,250 m).
The age of these moraines is based on relative age dating results
(Tables 3-3 and A-1) as well as on their elevation. These deposits
are interpreted to be the product of coalescing valley glaciers
which merged with glacial ice emanating from the Alaska Range to
produce a piedmont glacier in the intermountain basin.

Late Wisconsin glaciation resulted in a seguence of closely spaced
end moraines along the base of the mountains to the west of
Deadman Creek (Figure 3-6B). In early Late Wisconsin time, the
glacial ice responsible for these deposits was probably a piedmont
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glacier similar in nature to that of Early Wisconsin glaciers.
During later stades of the Late Wisconsin stage, local valley
glaciers moved from the high region in the northwestern part of the
Talkeetna Mountains down into the Deadman Creek area and flowed
to the northeast. The evidence for this is the northward slopes on
moraines DC-1 and DC-2 (Figure 3-6B) and an arcuate moraine damming
Big Lake (immediately east of the Deadman Creek area) that is
concave southward.

During the last stade of the Late Wisconsin stage, a valley glacier
moved out of Tsuena Creek (Figure 3-2) and into the southwestern
portion of the Deadman Creek area. Subsequent stagnation of the
ice produced hummocky ice disintegration deposits which Tlocally
dammed a lake, represented by the lacustrine deposits shown
in Figure 3-6B. Radiocarbon age dating of a sample (S45-1) from
these lake deposits gives an age of 3,450 +170 y.b.p. (Table 3-2).
This age date tends to confirm relative youthfulness of the lake
and the existence of the dam until late Holocene time.

The glacial chronology of this area, as well as of the Butte Lake
area, shows that the age of the surfaces overlying the Susitna
feature north of the Susitna River are Late Wisconsin in age
(Figure 3-4). In addition, the chronology of this area and the
Clear Valley area, along with radiocarbon age dates and morphologic
characteristics in the Watana Creek area, show that the surfaces
overlying the Talkeetna thrust fault are also predominantly Late
Wisconsin in age (Figure 3-4).

3.5 - Glacial History and Distribution of Quaternary Surfaces

The data obtained from the key areas described above, along with
observations in the intervening sections of the Quaternary study region,
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and radiocarbon age dates (shown in Table 3-2 and Figure 3-2) were used
to develop an understanding of the glacial history and the distribution

of the resulting late Quaternary glacial surfaces. The following
discussion summarizes this understanding.

Evidence was found for four distinct Quaternary glacial episodes: pre-
Wisconsin, >100,000 y.b.p.; Early Wisconsin, 75,000 to 40,000 y.b.p.;
Late Wisconsin, 25,000 to 9,000 y.b.p.; and Holocene, <9,000 y.b.p.
Each glacial episode was less extensive than the preceding one. The
Timits of each are defined by the elevation and geographic distribution
of glacial erosional or depositional features. Glaciers advanced
repeatedly from three main source areas: the Alaska Range to the north;
the southern and southeastern Talkeetna Mountains; and the Talkeetna
Mountains north and northwest of the Susitna River. Glacial flow was
dominantly to the south and southwest, following the regional slope and
structural grain. Multi-directional and convergent flow, differing
glacial magnitudes, topographic influences, and other parameters make
the interpretation of the glacial chronology of the Quaternary study
region difficult.

Pre-Wisconsin glaciated surfaces are present at elevations above the
suggested upper limit of Early Wisconsin glaciation. Bedrock scour
and ice-sculptured forms (such as stoss and lee, and whalebacks)
dominate the topography. The geographic extent and elevation of these
surfaces suggest that ice cap conditions probably existed throughout
the Talkeetna Mountains. Broad areas of the plateau south of Devil
Canyon were overridden by glacial ice. Periglacial processes during
later glaciations produced extensive veneers of colluvium and frost-
shattered boulder fields.

A tentative age was assigned to the glaciated surfaces above the limit
of the Early Wisconsin glaciation on the basis of elevation and degree
of weathering. The data collected within the Quaternary study region
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3 - QUATERNARY GEOLOGY

3.1 - Introduction

Quaternary geology involves the study of geological processes 1in
recent geologic time (i.e., the past 1.8 million years). In the site
region these processes are primarily of glacial origin. As shown fin
Figure 3-1, the Quaternary Period includes the Holocene and Pleistocene
epochs.

An understanding of the extent and age of Quaternary sediments and
surfaces (collectively referred to here as surfaces) is important to
seismic geology studies. This importance is related to the assessment
of recency of displacement along a fault. If activity on a fault
has produced surface displacement in recent geologic time, the young
(Quaternary) surfaces would likely include evidence of deformation.
When the age of the deformed surfaces is known, then the recency of the
fault displacement and the number of displacements can be assessed.

Conversely, if a fault has not produced surface displacement in recent
geologic time, then the overlying young (Quaternary) surfaces would not
be deformed. When the age of the overlying surfaces is known, then the
length of time during which there has been no displacement can be
assessed.

Within the site region, the late Quaternary surfaces are of greatest
interest to the seismic geology study. These surfaces include those of
Holocene and Pleistocene age (including the Wisconsinian and Il1linoian
stages). This dinterest is due in large part to their extent and age.
These surfaces are present throughout the site region, and their age
ranges from a few years to approximately 120,000 years before present
(y.b.p.) (Figure 3-1). One of the project objectives was to identify
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faults with recent displacement. A fault with recent displacement was
defined for this Project as a fault that has had surface rupture during
the past 100,000 years (Section 2.4.2). Therefore, the ability to
assess the presence or absence of fault displacement in the late
Quaternary surfaces is pivotal to the identification of faults with
recent displacement.

The approach to Quaternary geology studies used dﬁring this investiga-
tion was to develop an understanding of 1) the Pleistocene glacial
geology of southern Alaska, and 2) the late Pleistocene (Wisconsinian
and I1linoian) glacial geology within a region (designated as the
Quaternary study region) encompassing the project sites and major
segments of the 13 features identified in the Interim Report (Woodward-
Clyde Consultants, 1980b). Figures 3-2 and A-1 show the Quaternary
study region.

In 1980 the Quaternary geology study involved a preliminary literature
review, limited aerial photography and imagery interpretation, and
aerial reconnaissance of selected areas. The results of this work are
summarized in Sections 6 and 7 of the Interim Report (Woodward-Clyde
Consultants, 1980b). During 1981, the second year of the investigation,
the Quaternary geology study involved:

a) a complete review of pertinent literature;

b) detailed interpretation of large- and small-scale aerial photo-
graphy;

c) preparation of a preliminary map based on (a) and (b), prior to
the field season, showing the extent and estimated age of late
Quaternary surfaces;
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d) field programs, including field mapping of key areas, excavation
of test pits, and collection of relative age (weathering) data, and
collection of material for radiocarbon age dating;

e) radiocarbon age dating of 11 samples; and

f) data synthesis and revision of the preliminary map of late Quater-
nary surfaces, listed in (c) above; this revised map is shown in
Figure 3-2.

This section of the report presents a summary of the results of these
Quaternary studies. The details of the work, including the methodology
used, are presented in Appendix A. Two components of the methodology
are particularly important to understanding how age determinations and
correlations were made in the Quaternary study region. These are the
relative age (weathering) dating technique and the correlation technique
used to correlate glaciogenic features according to their relative
elevation and age.

The relative age (weathering) dating technique involved the use of
procedures and relationships similar to those used by Ten Brink in the
Alaska Range (Ten Brink and Waythomas, in press; Werner, in press)
(Appendix A.1.3.2). The technique is referred to hereafter as the
relative age dating technique. It involves the measuring of weathering
characteristics (such as the proportion or ratio of fresh, partially
weathered, and weathered granitic boulders, or the depth of oxidation)
of moraines. Differences in these characteristics, combined with
radiocarbon age dates, moraine elevation, and moraine morphology were
used to distinguish between the different aged surfaces (e.g., Early and
Late Wisconsin surfaces) in the Quaternary study region. In addition,
the relative age dating results from this study were compared with the
radiometrically dated scale of Ten Brink and Waythomas (in press)
developed in the Alaska Range (Table A-1).
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The correlation of maximum elevations among glaciogenic features with
similar morphologic characteristics was used to assess the vertical and
horizontal extent of the glaciations in the Quaternary study region.
(Similar morphologic characteristics are suggestive of similar age, as
discussed in Appendix A.1.3.2.) To make these correlations, radiocarbon
and relative age dating of glaciogenic features was conducted in key
areas (such as those described in Section 3.4 below) to establish
the maximum elevation of a glacier in those areas during specific
glaciations. Subsequent identification of glaciogenic features with
similar characteristics in other portions of the study area were used to
correlate the glacial maximum throughout the Quaternary study region for
each given glacial period. In this manner, the maximum elevation of ice
for the various glaciations was estimated and the extent of these
glaciations was assessed for the Quaternary study region (Figure 3-2).

Using the above two components of the methodology, as well as the
others discussed in Appendix A.1.3, the late Quaternary geology for the
Quaternary study region was accomplished.

The following discussion in this section: a) briefly reviews the
regional late Quaternary setting of southern Alaska; b) summarizes the
age and extent of Quaternary surfaces that were encountered in the
Quaternary study region; c) briefly discusses the key areas for which
Quaternary geologic relationships were used to develop the Quaternary
geology map (Figure 3-2); d) summarizes the glacial geology of the
Quaternary study region; and e) summarizes the relationship of Quater-
nary surfaces to the 13 features selected for field work during the 1981
field study (Section 4.4).

3.2 - Regional Pleistocene Geology Setting

Previous investigations of the Quaternary geology of south central
Alaska have been either generalized regional studies or detailed studies
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of specific areas of limited extent. Representative regional studies
include those of Karlstrom and others (1964), Coulter and others (1965),
Pewé and others (1965), and Pewé (1975).

Among the numerous detailed studies that have been conducted in areas
near the Talkeetna Mountains are those by: Miller and Dobrovolny
(1959), Karlstrom (1964), Trainer and Waller (1965), Schmoll and others
(1972), for the Cook Inlet area; Wahrhaftig, (1958), Thorson and
Hamilton (1977), Ten Brink and Waythomas (in press), for the central
Alaska Range; and Chapin (1918) and Ferrians and Schmoll (1957), for the
Copper River Basin.

Little information was available prior to this investigation regarding
the Quaternary surfaces and history of the Talkeetna Mountains, although
a limited amount of data pertinent to Quaternary surfaces in the
Talkeetna Mountains has been presented by Bowers (1979) and by Terres-
trial Environmental Specialists (1981).

The regional and detailed studies cited above provide information
regarding the Quaternary geologic history of southcentral Alaska.
These studies suggest that the Talkeetna Mountain region existed as
an extensive mountainous to rolling upland at the beginning of the
Quaternary Epoch, approximately 1.8 m.y.b.p. Subsequent to that time a
series of climatic fluctuations, with conditions ranging from temperate
to polar, apparently began to affect the region. The fluctuating
climate, which characterized the region throughout the Quaternary
Epoch, lead to several periods of extensive glaciation during polar
conditions. At its Quaternary maximum, glacier ice formed an ice
cap over the Talkeetna Mountains. These periods of glaciation were
separated by interglacial periods with relatively temperate climatic
conditions generally similar to those now found in the region.
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The general regional picture of alternating glacial and interglacial
periods along with specific evidence within the Talkeetna Mountains
suggests that, following the Quaternary glacial maximum for the region,
subsequent glacial advances were not extensive enough to produce an ice
cap over the mountains. In fact, the available evidence indicates a
series of glaciations of sequentially decreasing extent. It was these
more recent glaciations that produced the glacial, glaciofluvial, and
glaciolacustrine Tandforms and sediments that now dominate the Talkeetna
Terrain. There is relatively little evidence, however, on which to base
an interpretation of interglacial conditions.

Although glaciers covered only about 50 percent of the present area
of Alaska during the Quaternary Epoch, south central Alaska, south of
the crest of the Alaska Range, was nearly completely glaciated (Pewéi
1975).

Among the more recent glaciations that occurred in the Talkeetna
Mountains, four were recognized during this investigation in the
Quaternary study region (Figure 3-2). The glaciations and their
respective ages are: pre-Wisconsin, >100,000 y.b.p.; Early Wisconsin,
75,000 to 40,000 y.b.p.; Late Wisconsin, 25,000 to 9,000 y.b.p.,
which included four stades, each of which was less extensive than
the preceding one; and Holocene, <9,000 y.b.p. Figure 3-2 shows the
surfaces of the pre-Wisconsin stage, the Early Wisconsin stage, and the
first and last stade (Stades I and IV) of the Late Wisconsin stage.
These are shown because of their extent in the Quaternary study region.
Holocene surfaces are not shown in this figure because of their Timited
extent and their distance from the 13 features being studied for recency
of fault displacement.

The ages for the four glaciations were assigned on the basis of radio-
carbon age dates obtained for this study and generally accepted age
assignments for similar glacial sequences elsewhere in Alaska (Hopkins,
1967; Flint, 1971; Pewé, 1975; Weber and others, 1980; Ten Brink and
Waythomas, in press).
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During the four glaciations, ice advanced from three source areas: the
Alaska Range to the north of the Quaternary study region; the southern
and southeastern Talkeetna Mountains; and the Talkeetna Mountains north
and northwest of the Susitna River. In the Quaternary study region, the
glaciers from these sources coalesced to form a piedmont glacier that
flowed through the intermountain basin (shown in Figure A-1) that
includes the Susitna River (near the Watana site), Watana Creek, and
Stephan Lake areas. Glacial flow was dominantly to the south and
southwest and Teft a variety of landforms, surfaces, and sediments.

The following sections summarize the results of our investigation of
these landforms and sediments. They are intended to document the basis
for the application of the results to the assessment of the recency of
fault displacement on features near the sites.

3.3 - Age and Extent of Quaternary Surfaces in the Quaternary

Study Region

The 1981 Quaternary geology study led to the identification of ten types
of Quaternary glaciogenic features that were used in part to interpret
the age and extent of Quaternary surfaces in the Quaternary study
region. These features include: till, lacustrine deposits, outwash
deposits, ice disintegration deposits, kame terrace deposits, fluvial
deposits, fluting, trimlines, side glacial channels, and an assortment
of glacially sculptured bedrock forms including whalebacks, stoss
and lee, and grooves. The characteristics used to distinguish these
glaciogenic features are summarized in Table 3-1.

The morphologic characteristics of the Quaternary glaciogenic features
along with their elevation, radiocarbon age dates obtained from car-
bonaceous material, and relative age characteristics were used to
develop an understanding of the age and extent of late Quaternary
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surfaces in the Quaternary study region. The results of this inter-
pretation are shown in Figures 3-2 and 3-3. The relationship of these
surfaces to the 13 features (whose seismic source potential was studied
in 1981) is summarized in Figure 3-4.

The age and extent of late Quaternéry surfaces in the Quaternary study
region, as summarized in Figure 3-2, are interpreted to be as follows:

a) Pre-Wisconsin surfaces are preserved at higher elevations than are
Wisconsinian surfaces. Elevations range from above 4,200 feet
(1,280 m) in the northern section of the Quaternary study region to
3,100 feet (945 m) in the southern portion of the region.

b) Early Wisconsin surfaces typically are preserved along the margins
of topographically elevated areas (such as those on either side
of Butte Lake [Figure 3-6A] and the broad upland south of the
Susitna River between Kosina Creek and Oshetna River [Figure 3-2]).

c) Surfaces associated with early stades of Late Wisconsin glaciation
are present on the basin and valley floors and mid to low valley
walls of the Quaternary study region within the Talkeetna Mountains
(Figure 3-2). The Portage Creek, Deadman Creek, and Watana Creek
valleys and the Stephan Lake-Fog Lakes area are typical of the
areas with Late Wisconsin glacial surfaces.

d) Surfaces associated with the last stade of Late Wisconsin glacia-
tion (i.e., those resulting from the last advance of glacial ice
in Wisconsinian time) are found in valleys leading down from the
high elevations in the Talkeetna Mountains and in the basin floor
areas at the mouths of some of these valleys. In addition, the
Monahan Flat area (which lies between the Alaska Range and the
north end of the Quaternary study region) and the Butte Creek
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area have extensive surfaces from the last stade of the Late
Wisconsin stage (Figure 3-2). These last stade deposits are.the
result of mountain glaciers which emanated from the high elevations
of the Talkeetna Mountains (in the northwest corner and the
southern portion of the Quaternary study region) and from glacial
jce that moved southward from the Alaska Range across Monahan Flat
and locally into the Tlower elevations of the Butte Creek area.

3.4 - Key Quaternary Study Areas

Four key areas within the Quaternary study region were studied in detail
to provide a basis for-interpreting the age and extent of Quaternary
surfaces. These four areas have been designated as the Black River
area, the Clear Valley area, the Butte Lake area, and the Deadman
Creek area. The location of these areas is shown in Figure 3-2.
Figures 3-5 and 3-6 show the results of the studies conducted in these
areas and include the morphostratigraphic units that are present, the
age of these units, the location of test pits, and radiocarbon sample
locations.

In order to develop the Quaternary geology map shown in Figure 3-2 and
the cross-section shown in Figure 3-3, the results of the studies in
these four key areas were used along with: additional radiocarbon
age dates from the Quaternary study region (the locations of the
dated material are shown in Figure 3-2, and the ages are summarized in
Table 3-2); the interpretation of aerial photos; and aerial reconnais-
sance and ground reconnaissance mapping. The following discussion
summarizes the key data that were obtained from these four areas.
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3.4.1 - The Black River Area

The Black River area is located south of the Susitna River near the
Copper River basin in the southeastern part of the Quaternary study
region, as shown in Figures 3-2 and 3-5A. The area is part of a
broad undulating plain in the eastern Talkeetna Mountains that
merges with the adjacent Copper River basin, as discussed in
Section A.1.4.6. Three morphologically distinct, glacially scoured
topographic surfaces of pre-Wisconsin, Early Wisconsin, and Late
Wisconsin age have been beveled into this plain by succeeding
less extensive glaciations. Two of these surfaces, those of the
Early and Late Wisconsin stages, were observed in the Black River
area. In addition, the last stade of the Late Wisconsin stage is
represented by glacial sediments, as shown in Figures 3-2 and 3-5A.

Studies were conducted of the Late Wisconsin surfaces to assess the
extent of glacial ice in the eastern Talkeetna Mountains and the
adjacent Copper River basin during Early and Late Wisconsin
time. At the junction of the Susitna and Oshetna Rivers, north of
the Black River area (Figure 3-2), till was observed to interfinger
with highly deformed lacustrine and deltaic deposits. A sample
(S47-4) of wood obtained from the lacustrine sediments gave a
radiocarbon age date of >37,000 y.b.p. (Table 3-3). These rela-
tionships strongly suggest that the till and lacustrine deposits
are of Early Wisconsin age. Stratigraphic evidence suggests that
Late Wisconsin ice did not advance into the lower reaches of the
Black and Oshetna Rivers nor into the Susitna River in the eastern
Talkeetna Mountains (Figure 3-5A).

Mapping, based on aerial photo interpretation, of the extent of
moraines and relative age dating results corroborate the Timited
extent of Late Wisconsin ice in this area. As shown in Table 3-3
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and Figures 3-2 and 3-5A, moraines BR-1, BR-2, and BR-3 (Late
Wisconsin age) and deposits of similar age are interpreted to
terminate 6 to 7 miles (10 to 11 km) south of the Susitna River.

From these data, Early Wisconsin glacial ice is inferred to have
moved northward into the Black River area from southerly sources
in the high elevations of the Talkeetna Mountains. This ice is
believed to have coalesced with ice moving from the Copper River
basin westward along the Susitna River valley. Late Wisconsin
glacial ice is inferred to have moved northward, down the Black
River area, from southerly sources at high elevations in the
Talkeetna Mountains. The glaciers were of limited extent, and ice
did not move out of the Black River area.

3.4.2 - The Clear Valley Area

The Clear Valley area lies approximately 7 miles (11 km) south of
the Watana site (Figure 3-2). It is a glaciated valley that opens
into the lowland area associated with Fog Lakes and Stephan Lake,
as discussed in Section A.1.4.1. Twelve closely nested moraines,
glacial trimlines, and ice marginal channels have been used
to develop the glacial chronology in this area, as shown in
Figures 3-2 and 3-5B.

Pre-Wisconsin periglacial effects are present above elevation
3,100 feet (945 m). These effects are primarily those of well
developed frost-shattered boulder fields.

Studies of the 12 nested moraines were conducted to distinguish
the extent and elevation of Early and Late Wisconsin glacial
ice in proximity to the Watana site. Moraine morphology, relative
age dating, and cross-cutting relationships were interpreted to
show a distinct difference in age between the lower seven moraines
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(CL-1 through CL-7 in Figure 3-6B) and the upper five moraines
(CL-8 through CL-12) (Table A-1). In addition, the distal end
of moraines CL-6 and CL-7 bend southwestward and lose their
topographic identity 1in the area of ground moraines at elevation
2,500 to 2,700 feet (762 to 823 m). This deflection and loss of
topographic expression suggests that Late Wisconsin ice from the
Clear Valley area merged with a southwestward flowing piedmont
ice sheet that flowed through the intermountain basin that is
delineated in Figure A-1. It further suggests that the 2,500 to
2,700 feet (762 to 823 m) elevation represents the upper limit of
Late Wisconsin ice in the basin.

The last stade (Stade IV) of Late Wisconsin ice is prominently
represented in the Clear Valley area by ice disintegration features
including eskers, kame deltas, and kettles. The relationship of
these features to the earlier Late Wisconsin moraines suggests that
glacial ice moved northward from the high areas south of the Clear
Valley area. The advance, however, did not extend into the basin
floor area at the mouth of Clear Valley and adjacent valleys.

A small Holocene lake was dammed by a till and bedrock ridge in the
basin floor area north of the Clear Valley area (Figure 3-5B)
probably beginning in the waning stages of the Late Wisconsin
time and continuing into Holocene time. A radiocarbon age date of
approximately 3,500 years before present was obtained from the
lacustrine deposits (Sample S4-1).

The glacial chronology in the Clear Valley area (along with the
results of studies conducted in the Stephen Lake and Fog Lakes
areas) shows that the age of surfaces overlying the Talkeetna
Thrust fault and Susitna feature south of the Susitna River are
predominantly of Late Wisconsin age (Figure 3-4). This chronology
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provided the basis for interpreting the age of the higher surfaces
along the southwestern section of the Talkeetna thrust fault to be
Early Wisconsin and pre-Wisconsin in age (Figure 3-4).

3.4.3 - The Butte Lake Area

This area lies at the north end of the Talkeetna Mountains and is
separated from the Alaska Range to the north by a broad lowland
called Monahan Flat (Figures 3-2 and A-1). The area includes a
northeast-southwest trending linear valley, containing Butte Lake,
that opens into the Monahan Flat lowland (as discussed in Section
A.1.4.5). Within the broad, U-shaped valley, drainage patterns and
directions have been altered by glacial erosion and deposition.
The valley bottom is predominantly mantled by till while the upper
valley walls are mantled by frost-shattered boulder fields.

Late Wisconsin glaciation resulted in glacial ice moving through
the Butte Lake valley up to a maximum elevation of 3,900 feet
(1,189 m). The elevations of Late Wisconsin end moraines suggest
that as many as nine individual moraines may be present. The
clustering of these moraines, the breaks in slope, and the surface
morphologic contrasts led to the identification of four Late
Wisconsin stades (ice pulses of glacial advance within the Late
Wisconsin glacial stage). These stades appear to be similar in age
and duration with those observed by Ten Brink and Waythomas (in
press) in the Alaska Range.

The maximum elevation of these four stades are: Stade I is 3,900
feet (1,189 m); Stade II is 3,600 to 3,800 feet (1,098 to 1,159 m);
Stade III is 3,200 to 3,300 feet (976 to 1,006 m); and Stade IV
is 3,000 to 3,100 feet (915 to 945 m). Stades I and IV are shown
in Figures 3-2 and 3-6A; Stades II and III are not delineated
because of the limited control on their extent.
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The Late Wisconsin ice in the Butte Lake valley is of pre-last
stade, i.e., older than 11,000 years before present. The Stade IV
glacial ice from the Alaska Range was of insufficient thickness
to move into the Butte Lake valley from Monahan Flat, and the
glaciers from the area to the west did not move into the valley.

These studies show that the age of the surfaces overlying the
Susitna feature in the northern Talkeetna Mountains is Late

Wisconsin in age.

3.4.4 - The Deadman Creek Area

This area lies north-northeast of the Watana site as shown in
Figure 3-2. Deadman Creek flows southwestward in the intermountain
basin at the base of the northwest section of the Talkeetna
Mountains, as discussed in Section A.1.4.4. This part of the basin
floor is almost entirely mantled by hummocky ice disintegration
deposits and lacustrine plains (Figure 3-6B). Intervening areas
are ground moraine or beveled bedrock outcrops.

Frost-shattered boulder fields above 4,100 feet (1,250 m) suggest a
maximum elevation for Wisconsinian glaciations. The maximum
elevation for Early Wisconsin moraines is 4,100 feet (1,250 m).
The age of these moraines is based on relative age dating results
(Tables 3-3 and A-1) as well as on their elevation. These deposits
are interpreted to be the product of coalescing valley glaciers
which merged with glacial ice emanating from the Alaska Range to
produce a piedmont glacier in the intermountain basin.

Late Wisconsin glaciation resulted in a sequence of closely spaced
end moraines along the base of the mountains to the west of
Deadman Creek (Figure 3-6B). In early Late Wisconsin time, the
glacial ice responsible for these deposits was probably a piedmont
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glacier similar 1in nature to that of Early Wisconsin glaciers.
During later stades of the Late Wisconsin stage, local valley
glaciers moved from the high region in the northwestern part of the
Talkeetna Mountains down into the Deadman Creek area and flowed
to the northeast. The evidence for this is the northward slopes on
moraines DC-1 and DC-2 (Figure 3-6B) and an arcuate moraine damming
Big Lake (immediately east of the Deadman Creek area) that is
concave southward.

During the last stade of the Late Wisconsin stage, a valley glacier
moved out of Tsuena Creek (Figure 3-2) and into the southwestern
portion of the Deadman Creek area. Subsequent stagnation of the
ice produced hummocky ice disintegration deposits which Tlocally
dammed a lake, represented by the lacustrine deposits shown
in Figure 3-6B. Radiocarbon age dating of a sample (S45-1) from
these lake deposits gives an age of 3,450 +170 y.b.p. (Table 3-2).
This age date tends to confirm relative youthfulness of the lake
and the existence of the dam until late Holocene time.

The glacial chronology of this area, as well as of the Butte Lake
area, shows that the age of the surfaces overlying the Susitna
feature north of the Susitna River are Late Wisconsin in age
(Figure 3-4). In addition, the chronology of this area and the
Clear Valley area, along with radiocarbon age dates and morphologic
characteristics in the Watana Creek area, show that the surfaces
overlying the Talkeetna thrust fault are also predominantly Late
Wisconsin in age (Figure 3-4).

3.5 - Glacial History and Distribution of Quaternary Surfaces

The data obtained from the key areas described above, along with
observations in the intervening sections of the Quaternary study region,
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and radiocarbon age dates (shown in Table 3-2 and Figure 3-2) were used
__to develop an understanding of the glacial history and the distribution
of the resulting late Quaternary glacial surfaces. The following
;discussion summarizes this understanding.

Evidence was found for four distinct Quaternary glacial episodes: pre-
Wisconsin, >100,000 y.b.p.; Early Wisconsin, 75,000 to 40,000 y.b.p.;
Late Wisconsin, 25,000 to 9,000 y.b.p.; and Holocene, <9,000 y.b.p.
Each glacial episode was less extensive than the preceding one. The
limits of each are defined by the elevation and geographic distribution
of glacial erosional or depositional features. Glaciers advanced
repeatedly from three main source areas: the Alaska Range to the north;
the southern and southeastern Talkeetna Mountains; and the Talkeetna
Mountains north and northwest of the Susitna River. Glacial flow was
dominantly to the south and southwest, following the regional slope and
structural grain. Multi-directional and convergent flow, differing
glacial magnitudes, topographic influences, and other parameters make
the interpretation of the glacial chronology of the Quaternary study
region difficult.

Pre-Wisconsin glaciated surfaces are present at elevations above the
suggested upper limit of Early Wisconsin glaciation. Bedrock scour
and ice-sculptured forms (such as stoss and lee, and whalebacks)
dominate the topography. The geographic extent and elevation of these
surfaces suggest that ice cap conditions probably existed throughout
the Talkeetna Mountains. Broad areas of the plateau south of Devil
Canyon were overridden by glacial ice. Periglacial processes during
later glaciations produced extensive veneers of colluvium and frost-
shattered boulder fields.

A tentative age was assigned to the glaciated surfaces above the limit
of the Early Wisconsin glaciation on the basis of elevation and degree
of weathering. The data collected within the Quaternary study region
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show only that these surfaces are older than the Early Wisconsin stage
and the prior interglacial stage (120,000 to 75,000 y.b.p.), although
the surfaces are probably Illinoian in age (>120,000 y.b.p.). Worldwide
tudies of the I1linoian glacial stage show that its youngest age
is variable (Flint, 1971). However, it is generally accepted to
be >120,000 y.b.p. For purposes of this study we have accepted an age
of >100,000 y.b.p. to be appropriate.

Early Wisconsin glaciation was less extensive than glaciation during the
preceding glacial period, and ice was present in existing valleys at
lower elevations than the pre-Wisconsin ice was. Regional evidence for
the maximum upper extent is limited. Prominent ice-marginal features,
particularly trimlines and weathering contrasts, indicate the upper
1imit to be: 3,750 feet (1,143 m) in the Black River area; 3,100 feet
(945 m) in the Clear Valley area; 4,200 feet (1,280 m) in the Butte
Lake area; 4,100 feet (1,250 m) in the Deadman Creek area; and 3,100
feet (945 m) in the Devils Canyon area.

Glaciers from the Alaska Range and Talkeetna Mountain ice sources,
described above, coalesced to form a piedmont glacier in the inter-
mountain basin of the Susitna River (near the Watana site), Fog Lakes,
and Stephan Lake; but large areas of the upland plateaus were ice-free.
Successive Early Wisconsin moraines in the Clear Valley area indicate
that several stades or recessional stillstands took place in Early
Wisconsin time. Ice flow that emanated from the Alaska Range passed
southwestward to the Talkeetna River and westward and southwestward
through Devils Canyon to merge with glaciers in the Chulitna Valley.

| The Late Wisconsin glaciation was composed of four distinct glacial
stades. The maximum limit of Late Wisconsin ice was 2,700 feet (823 m)
in the Clear Valley area; 3,900 feet (1,189 m) in the Butte Lake area;
and 3,9001feet (1,189 m) in the Deadman Creek area.
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The ice during each stade was less extensive than that during the
preceding one. Glaciers in the first stade of Late Wisconsin time had a
geographic extent similar to prior glaciations. During later stades of
the Late Wisconsin stage, ice from the Alaska Range was not thick enough
to advance into valley passes in Brushkana and Deadman Creeks, but it
was thick enough to flow southward through the pass between Butte Creek
and Watana Creek. Valley glaciers in Tsusena Creek and adjacent valley
glaciers advanced into ice-free areas of the intermountain basin.

During Stades III and IV, individual valley glaciers were generally
confined to valleys and the piedmont glacier had retreated north of the
Susitna River. Ice from the Alaska Range continued to retreat northward
up Watana Creek and supplied abundant sediment for a lacustrine environ-
ment in lower Watana Creek. Rapid regional deglaciation produced
extensive hummocky ice disintegration deposits in topographic Tow
areas. Widespread glaciation came to an end approximately 9,000 y.b.p.
The Susitna and Talkeetna Rivers served as outlet channels for meltwater
from the retreating glaciers, producing extensive terraced outwash
gravels in the lower reaches of the rivers.

Glaciation of Holocene age is limited to cirque glaciers in the upper
reaches of valleys and to the formation of glaciolacustrine lakes
in Towland areas. The small cirque glaciers formed moraines within
a few miles of the cirques. Rock glaciers in the upper reaches of
mountain valleys are the most visible remnant of the Holocene glacia-
tion. Glaciolacustrine lakes, such as those that formed in the Clear
Valley and Deadman Creek areas (Figures 3-5B and 3-6B) were dammed by
glacial units deposited by the Late Wisconsin Stade IV glacial ice.
These lakes have breached their dams and are now represented by plains
of lacustrine deposits.
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3.6 - Quaternary Geology and Significant Features

Four features (faults and lineaments) were studied near the Watana site
during this investigation to assess their significance to seismic
design, as discussed in Section 4.4.1. The late Quaternary surfaces
that overlie these four features are predominantly Late Wisconsin
(25,000 to 9,000 y.b.p.) in age, except in the vicinity of the Talkeetna
River where pre-Wisconsin (>100,000 y.b.p.) surfaces are present
(Figure 3-4). For example, the Talkeetna Thrust fault from Denali to
the Talkeetna River 1is overlain by surfaces of Late Wisconsin age along
85 percent of its length. The remaining 15 percent is Early Wisconsin
and pre-Wisconsin in age, as shown in Figure 3-4.

Nine features were studied near the Devil Canyon site, as discussed
in Section 4.4.2. The Quaternary surfaces that overlie these nine
features are generally older than those encountered in the vicinity
of the Watana site. These surfaces are of Early Wisconsin age or older
(>40,000 y.b.p.), except in the vicinity of the Susitna River and its
tributaries where Late Wisconsin surfaces (25,000 to 9,000 y.b.p.)
are present (Figure 3-4).

The age of the Quaternary surfaces, the size of morphologic features
that have been preserved on each of these surfaces, and the extent of
the surfaces were evaluated and incorporated in the ana]ysis of recent
fault displacement (as discussed in Section 4.2) for the four features
near the Watana site and the nine features near the Devil Canyon site.
The Quaternary field study and the subsequent data analysis showed no
evidence of displacement in the Quaternary surfaces overlying the the
13 features (as discussed in Section 4.4).

The evaluation of Quaternary surfaces also focused on the resolution
provided by these surfaces. This resolution was used to analyze the
maximum earthquake (designated the detection Tlevel earthquake) and
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Generally limited to topographic lows 4.
Kame and kettle, and knob and kettle

topography

Narrow, flat surfaced, constructional 1.
terrace along hillsides 2.
Slopes down valley

May be discontinuous along valley sides 3.
Surface may be pitted by kettles 4.
Commonly no apparent source area for

sediments

Parallels direction of glacial flow

Confined to floodplains of active major 1.
streams and rivers

Broad to narrow fiat floodplains

Commonly terraced 2.
Possible meander scars

Stream bars common 3.
targe scale forms developed commonly on 1.
broad till plains 2.
Contrast of vegetation type and density

Linear parallel to subparaliel broad 3.

topographic swales with intervening
well-rounded low ridges

Abraided rock or trimmed-off vegetation line 1.
at former ice contact, separates surface
materials of differing reflectivity

Commonly paired on opposite valley walls 2.
Slopes downvalley with same gradient as

valley floor

Slight breaks in slope to nearly vertical

planar cliffs

Channel formed between margin of glacier and 1
adjacent valley wall 2
Discontinuous elongated, narrow stream 3
channel 4.
Typically oblique to hiliside 5
Open at both ends [
Parallels direction of glacial flow 7
Channel that leaves jce margin cutting notch
across ridge line called overflow channel
Channels that have no apparent source area

for formation but may now be accentuated

and modified by hillside runoff

Polished, smooth bedrock outcrops 1.
Strong preferred orientation of long 2.
axis of forms and grooves

Rock structural features may be 3.

differentially eroded
Forms with lengths greater than widths

Unsorted gravel and sand in matrix of silt
and clay, unconsolidated, nonstratified

Rhythmically bedded silt and/or clay with
occasional ice rafted sand, pebbles, and
gravel

Forms vertical ciiff faces, but slumping

is common

Grain size variations preclude loess origin
Sorting and stratification are common in
areas of deltaic sedimentation

Well-sorted and stratified rounded sands
and gravels

Cut and fi11 channels are common in

cross section

Surface relief is less than approximately
10 ft {3 m), unless dissected or terraced
by subsequent fluvial processes

Chaotic and irregular nature of morphology
Kettles common

Gravel, sand, silt, and clay; grain size,
degree sorting and stratification (structure}
of sediments varies with the amount of

water reworking

Highly deformed structure caused by slumping,
settlement, and compaction are common

Stratified and sorted rounded sands and gravels
Hillside terrace may be discontinuous and
surface may contain kettles

Very narrow compared to fluvial terraces
Generally many hundreds of feet above outwash
and fluvial terraces, but if long encugh, can
merge with outwash terraces near terminus of
glaciers

Well-sorted and stratified rounded sands and
gravels from reworked glacial deposits and
eroded bedrock

Cut and fill channels are common in Cross-
section

Surface relief is minimal unless terraced

Diffichit to identify on ground because of scale
Relief of only a few 10's of feet (3 m) over
large horizontal distances

Drainages differences reflected by vegetation
contrasts

Vegetation contrast or truncation and/or
contact between bedrock and unconsolidated
talus

Change in slope grade

Channels contain littie or no sediment
Downhill side is lower than uphill side
Discontinuous

Locally open, hanging channel ends

No source areas for formation

Cut into rock with commonly no outside wall
Rock channel walls have steep slopes

Polished curved bedrock outcrops

Gentle slopes upstream (stoss) and steep slopes
downstream (lee)

Smooth rock outcrops may record small-scale
features of glacial abrasion, striations,
polish, grooves

RELATIVE AGE CHARACTERISTICS

Photo Signature and
Aerial Characteristics

Grounds
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W

Geographic (spatial) position in relation to
other glacial deposits

Topographic (elevational) relationship to
adjacent deposits

Elevation of end moraines

Degree of dissection and surface modifi-
cation

Orientation and cross cutting relationships
of end moraines

Geographic (spatial) position in relation to
other glacial deposits

Topographic {elevational) relationship to
adjacent deposits

Degree of stream dissection

Degree of surface modification

Geographic {spatial) position in relation to
other glacial deposits

Topographic (elevational) relationship to
adjacent deposits

Abandonment or elevation of outwash surface
above present base level

Degree of modification to surface morphology
Oegree of local stream dissection

Geographic {spatial) position in relation to
other glacial deposits

Freshness of morphology

Degree of slumping, infilling, and rounding
Degree of stream dissection

Elevation above valley floor

Degree of erosional segmentation

Degree of surface modification and
dissection

Geographic position in relation to other
glacial deposits

Deposits confined to recent age but terraces
adjacent to active floodplain may be
assigned age based on elevation above

active floodplain

Degree of modification to terrace surface
and scarp

Degree of vegetation growth

Age of fluting seme as age of till on which
it is developed
Orientation and cross-cutting relationship
of linear forms

Elevation
Sharpness of line

Elevation of channel

Orientation and cross-cutting relationships
of longitudinal axis

-Weather texture of rock surface

Degree of form modification

B P e

R

1.

™~ P

£

1.

Characteristics

Various quantitative soil paramete
morphologic measurements. - See rel
(weathering) data Appendix A.1.2.2 an
Tables 3-3 and A-1

Soil profile development

Soil profile development
Degree of cementation
Degree of oxidation

Degree of vegetation cover

Soil profile development

Local relief

Degree of vegetation cover

Degree of roundness, infilling, and slumping
infilling, and slumping

Soil profile development

Degree of infilling of kettles

Oxidation depth

Modification of form by erosion {(dissection
or burial)

Soil profile development
Surface elevation
Depth of oxidation

See criteria for till

Elevation
Degree of rock surface weathering

Degree of weathering of channel rock
Degree of channel infilling by post-
erosional sediments

Degree of rock surface weathering

Degree of form modification by weathering
Preservation of glacial polish and small-
scale abrasion features




3540 + 160

9395 + 200
9920 + 265

> 27,000

> 37,000

> 37,000
> 37,000

> 37,000

Note:

Field Section
sample Material Site township Lab Sample Significance
number  Sample Stratum dated locationt Quadrangle & range Number of date
$49-1 Frozen silty sand Wood Measured section Talk. Mtn. NEL/4; NW1/4; GX-8056 Dates young deposits which slumped into
chips along Watana (D-3) Sec. 9; older deposits and were subsequently
Creek T32N; R7E frozen
S47-1 Frozen lacustrine Wood Measured section Talk. Mtn.  NE1/4; NE1/4; GX-8055 Anomalous date, may represent the age of
silt with striated at Oshetna (C-1) Sec. 4; wood that was incorporated into Tacustrine
ice raft cobbles River mouth T29N; R11E deposits by cryoturbation
S45-1 Frozen lacustrine Wood Slump exposure Talk. Mtn. SW1/4; SE1/4; GX-8059 Minimum date of last retreat of
silt and clay along Deadman (D-3) Sec. 32; ice from valley of Deadman Creek
Creek T225; RAE
S4-1 Frozen lacustrine Charcoal  Slump exposure Talk. Mtn.  NWL/4; NW1l/4; GX-8054 Maximum age of permafrost formation (i.e.,
silt and clay at mouth of (C-4) Sec. 34; the ground froze after deposition of
Clear Valley T30N; RSE the charcoal); also represents time of
lacustrine deposition near the north of
Clear Valley
S42-1 Frozen lacustrine Wood Slump exposure Talk. Mtn. SW1l/4; NWl/4; GX-8035 Dates the time of last retreat of ice from
silt and clay in upper Watana (D-2) Sec. 21; Watana Creek valley
Creek valley T22S; R2W
S54-1 Fine-grained ice Peat Slump exposure Healy SW1/4; SE1/4; GX-8062 Dates the time of last retreat of ice from
disintegration along upper (A-3) Sec. 15; valley of Deadman Creek
deposits Deadman Creek T215; R4AW
S34-1 Sand matrix Charcoal Measured section Talk. Mtn. NEL/4; SE1/4; GX-8060 Maximum date on oxidized outwash overlying
surrounding angular along drainage (C-4) Sec. 29; the sampled stratum
bedrock blocks, north of Stephan T3IN;R4E
colluvial (?) deposits Lake
S29-1 Interbedded Tlacustrine Wood Measured section Talk. Mtn. SWL/4; NWl/4; GX-8034 Maximum date on oxidized outwash and till
sand and silt from along Moraine (D-4) Sec. 24; blanket overlying the sampled stratum
ice marginal Tlake, Creek T32N;R4E
12 ft (3.7 m) below
outwash deposit
S12-2 Lacustrine/deltaic fine  Wood Measured section Healy NE1/4; SW1/4; GX-8057 Minimum date on till buried by the
sand 51 ft (15.5 m) chips along Brushkana (A-3) Sec. 8; sampled stratum
above till Creek T20S; R3W
S47-4 Contact of lacustrine Wood Measured section Talk. Mtn.  NEL1/4; NE1/4; GX-8058 Dates advance of ice into ice-marginal
fine sand with inter- at Oshetna (c-1) Sec. 4; lake
fingered till River mouth T29N; R11E
S62-1 Ice marginal lacustrine  Wood Measured section Telk. Mtn. , NEL/4; NW1/4; GX-8124 Dates ice marginal deposits of the Early
silt and sand west of Daneka (C~5) Sec. 22; Wisconsin stage; 1imits the maximum elevation
Lake T30N; R2E of Late Wisconsin glacial ice in the

1. Site locations are shown in Figure 3-2

intermountain basin




TABLE 3-3

?SUMMARY OF RELATIVE AGE DATA FOR EARLY AND LATE WISCONSIN MORAINES

Area 1 Surface Data Subsurface Datas
Surface
Moraine Morphology Degree of Side Average Granite Oxidation Depth
Form Modification Segmentation  Slopes Weathering Ratio inches (cm)
(%F /%PW/%W)
(Clear Valley Fresh, prominent, Slight Slight Moderate - 11 to 24 (3 to 7)
~ moderate crest width to steep
Butte Lake Fresh to weathered, None to Stight Gentle 56/34/10 8 to 12 (2 to 4)
‘ prominent to sub- moderate to steep
dued, narrow to
; broad crest width
 Deadman Creek Fresh, prominent, None to Very Steep 50/39/11 7 to 12 (2 to 4)
' moderate crest slight siight
‘ width
Black River Weathered, subdued, Moderate High Gentle to 52/40/8 11 to 17 (3 to 5)
> broad crest width to high moderate
Clear Valley Weathered, subdued, Moderate High Gentle to - 26 to 40 (8 to 12)
broad to moderate to high moderate
crest width
Butte Lake Weathered, prom- Moderate Moderate Moderate 30/46/24 14 to 29 (4 to 9)
‘ inent, moderate
, crest width
 Deadman Creek Fresh, prominent, Slight Slight Moderate 40/40/20 17 to 18 (5 to 6)
; moderate crest width Lo steep
Black River Fresh, prominent, None to Very Steep 42/32/26 21 to 22 (6 to 7)
narrow crest width slight slight

‘kNotes:

Areas are shown in Figures 3-5 and 3-6.
Surface morphology modification reflects the effect of slumping and frost heaving.

The subsurface data summarized here are presented for each moraine in which measurements were made and
cited in Table A-1.

Granite weathering ratios are discussed in Appendix A.1.2.2.
of granite boulders that are fresh (%F), partially weathered (%PW), and weathered (%W), respectively.

The numbers (e.g., 56/40/10) are the percentage
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LEGEND

Late Wisconsin surfaces 11,000 to 9,000 y.b.p.

Late Wisconsin surfaces 25,000 to
11,000 vy.b.p.

: Early Wisconsin surfaces 75,000 to
40,000 y.b.p.

Pre-Wisconsin surfaces >>100,000 y.b.p.

Monghan

54-1@ Radiocarbon sample locality and number

e Glacial Age Boundary

Fig. 3-BA Detailed study areas are shown in
Figures 3-5 and 3-6.
Bl
Generalized projected cross section is
shown in Figure 3-3.
A
wi Watana Site
DI Devil Canyon Site
HAN NOTES
« ';Lquf
e 1. Figure A-1shows the location of the Quaternary

Study Region.

2. Areas with no color are bedrock and/or surfaces of
undifferentiated glacial age.

3. y.b.p. is the abbreviation for years before present

4. Glacial age boundaries are interpreted from morpho-
stratigraphic relationships and age dates.
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LEGEND

Late Wisconsin surfaces 11,000 to 9,000 y.b.p

Late Wisconsin surfaces 25,000 to
11,000 vy.b.p.

Early Wisconsin surfaces 75,000 to
40,000 vy.b.p.

Pre-Wisconsin surfaces >100,000 y.b.p.

_— Glacial age boundary

< Thrust fault, dotted where concealed,
¢( sawteeth on upper plate

Kcy Fault and code number

.+°  Concealed shear zone or fault
KD5-1Z.-/ Lineament and code number
~
U | Watana Site
DN | Devil Canyon Site
NOTES
1. Figure A-1 shows the location of the Quaternary

Study Region.

2. Areas with no color are bedrock and/or surfaces of
undifferentiated glacial age.

3. y.b.p. is the abbreviation for years before present.

4. Glacial age boundaries are interpreted from morpho-
stratigraphic relationships and age dates.
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Lacustrine sediments

lce disintegration
deposits

Till

- < 'l Bedrock

Moraines

S4-1@  Radiocarbon sample focality and number

BR-1 A  Relative dating locality and number

AGE

Direction of meltwater flow and length of
side glacial or overflow channels

Holocene surfaces
<9,000 vy.b.p.

Late Wisconsin surfaces
11,000 to 9,000 y.b.p.

Late Wisconsin surfaces
25,000 to 11,000 vy.b.p.

Early Wisconsin surfaces
75,000 to 40,000 y.b.p.

Pre-Wisconsin surfaces
>100,000 y.b.p.

B. CLEAR VALLEY AREA

NOTES

1. Regional location is shown on Figure 3-2.

2. vy.b.p. is the abbreviation for years before present.

QUATERNARY GEOLOGY OF THE
BLACK RIVER AND CLEAR VALLEY AREAS

A. BLACK RIVER AREA 0 05 1 Mile
& )| h J :
0 0.5 1 Kilometer
FIGURE 3-5

)0\
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A. BUTTE LAKE AREA
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UNITS

Lacustrine sediments

Ice disintegration
deposits
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Glaciofluvial
sediments

Bedrock

AGE

00
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Holocene surfaces
<9,000 vy.b.p.

Late Wisconsin surfaces
11,000 to 9,000 y.b.p.

Late Wisconsin surfaces
25,000 to 11,000 y.b.p.

Early Wisconsi