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the distribution of these events over the appropriate magni-
tude range (defined by the b-slope), and the size of the
maximum credible earthquake (MCE) at which the earthquake
recurrence curve would be truncated. The values of both of
these parameters for RIS events (b-slope and the size of
the MCE) are assumed to be equal to the values of the same
parameters for naturally occurring earthquakes. This is
consistent with the hypothesis that RIS only shifts the
timing of earthquakes and does not have a significant effect
on the magnitude distribution or the magnitude of a maximum
credible earthquake.

6.2.2 - Implementation of the Model for the Susitna Project

The implementation of the four steps of the model for the Susitna
project is discussed in this section. Since the potential earth-
guake sources were at different distances from the two sites (Devil
Canyon and Watana), the analysis using these sources was performed
separately for each site.

1. Calculation of Likelihood of Occurrence of RIS Events

Baecher and Keeney (in Packer and others, 1979) have discussed
two models for calculating the likelihood of occurrence
of RIS events: in one model, reservoir characteristics
(depth, volume, stress state, and geology) are assumed to
be 1independent; in the other, dependence between keservoir
depth and volume is assumed, For the Devil Canyon-Watana
reservoir, the first model produced an expected likelihood of
0.37 for a RIS event (of any magnitude) with a standard
deviation of 0.13, while the second produced an expected
likelihood of 0.46 with a standard deviation of 0.22. Since
some dependence between reservoir depth and volume would be
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expected and since the assumption of dependence produces a
more conservative result (i.e., a higher likelihood for a RIS
event to occur), the results of the second model were used for
this study.

The worldwide RIS data base on which the Baecher and Keeney
in Packer and others (1979) model was developed is limited.
To accommodate the uncertainties associated with the limited
data base, the 1likelihood of occurrence of RIS events was
assumed to be the mean plus one standard deviation value
(i.e., 0.46 + 0.22 = 0.68). In order to examine the sensi-
tivity of results to this assumption, a mean plus two standard
deviation value (0.46 + 2 x 0.22 = 0.90) was also analyzed.

Calculation of Mean Number of RIS Events

From equation 6-1, the mean plus one standard deviation number
of RIS events with magnitude >4 was calculated to be 1.14;
for M >5, it was calculated to be 0.93. It was assumed that
these events would be expected to occur within 10 years after
the reservoir was impounded and that they would occur within
the three-dimensional rectangular space described in Section
6.2.1, Item 2. After the first 10 years, only the naturally
occurring seismicity was assumed to occur during the remaining
design life of the dam.

Distribution of Mean Number of RIS Events

As there are no known faults with recent displacement within
an area of 37 miles by 37 miles (60 km by 60 km) around each
site (Section 4.5), the mean number of RIS events for use in
the seismic exposure analysis was distributed as a random
source over a rectangular space of 37 miles by 37 miles by
19 miles (60 km by 60 km by 30 km).

6 - 11
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4. Use of RIS Events in Seismic Exposure Analysis

The mean number of events was calculated for ground motions
that exceeded a given level of peak ground acceleration in the
first 10 years. The rate of naturally occurring seismicity
was used to calculate the mean number of events (for which
ground motions exceeded the given level of peak ground
acceleration) during the design 1life of the proposed dams
after the first 10 years. The sum of the mean number of
incremental events resulting from RIS during the first
10 years and the mean number of events due to natural seismi-
city during the remainder of the proposed dam design 1life
yields the total mean number of events for which ground
motions are expected to exceed a given level during the
design life of the Project. The results of these calculations
are included in the analysis presented in Section 8.

§.3 - RIS and Method of Reservoir Filling

he occurrence of RIS events has often been correlated with rapid
itial filling of a reservoir, especially with irregular filling
iistories or rapid reservoir refill following major drawdowns (Packer

and others, 1979). The precise relationship between irregularities
;:in the filling cycle and the occurrence of RIS events is not well-
;’ﬂﬂﬁumented in most cases. Furthermore, no controlled experiments have
en performed at reservoirs to vary filling rates and examine the
effect on seismicity. However, detailed information is available on the
~tmrrelation between seismicity and filling rates for at least one
reservoir--Nurek, U.S.S.R.

#1though impoundment at Nurek began in 1968, the first significant
undment (328 feet [100 m]) took place between late August and early
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iember 1972, A step was made in the filling curve late in September;
lowing this step, seismicity increased. Upon completion of the first
ge Tilling cycle, seismicity reached a peak with maximum magnitudes
) of 4.6 and 4.3. Seismicity between November 1972 and June 1976
adly paralleled changes in water level (Simpson and Negnatullaiv,
8).

the basis of this experience, it was recommended that second-stage
{11ing of the Nurek reservoir, resulting in a water depth of 656 feet
10 m), be accomplished by a smooth filling cycle with no abrupt
wdowns in filling rate. Seismicity remained low during this filling
il a minor but rapid fluctuation in filling rate occurred in August
6. Following this fluctuation, there was a pronounced increase in
smicity, along with the occurrence of the largest earthquake reported
that time, a magnitude (M) 4.1 earthquake. It has been implied
tait the increase in seismicity during this second filling cycle may
e been directly related to the sudden change in rate of filling
“impson and Negnatullaiv, 1978; Keith and others, 1979).

Froim this experience at Nurek, and from consideration of the correla-
tigns between filling curves and seismicity for other cases of RIS, it
@ppears that sudden changes in water level and sudden deviations in
e of water level change can be triggers of induced seismicity. A
antrolled, smooth filling curve, with no sudden changes in filling
e, should be less likely to be accompanied by induced seismicity than
tagid, highly fluctuating filling rates.

&.4 - Potential for Landslides in the Devil Canyon-Watana Reservoir

Area Resulting from RIS

¢ assessment of the potential landslides in the Devil Canyon-Watana
reservoir (this area is considered to include the banks of the present
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yrse of the Susitna River) resulting from RIS should be considered
1in the context of the overall potential for landslides and rockfalls
the reservoir area. That is, the potential for landslides which can
iriggered by impoundment of the reservoir by natural processes (such
freeze-thaw conditions) as well as by RIS should be considered.
1in this context, we have considered the potential for landslides
ggered by RIS by making a preliminary assessment of whether in situ
ditions suitable for landslides exist in the proposed reservoir area,
d whether earthquakes are Tikely to release enough energy to trigger
dslides. Detailed studies of potential landslide-prone areas
outside the scope of this investigation and therefore, were not
iducted. Consequently, the judgment presented below represents a very
liminary assessment of the potential for RIS induced Tlandslides.

ing this investigation, a very preliminary assessment of landslide
tential was made from remotely-sensed data interpretation, review

previous studies conducted for the project, and limited aerial
innaissance. On the basis of this assessment, it is concluded that

& potential exists for landslides to occur in the reservoir area.

. KIS event occurring within the hydrologic regime of the reservoir
wuld trigger landslides if the earthquake occurred close enough
a potential slide area and if it released sufficient energy to
jger a slide. Within the scope of this investigation, the location
a4 RIS event within the hydrologic regime of the combined reservoir
10t be estimated with sufficient precision to provide a meaningful
sssment of where in the reservoir area a landslide could occur, how
je the Tlandslide would be, and how large an earthquake would be
:ssary to trigger a landslide. Given these constraints and the
guration of the Susitna River valley, the 1likelihood of a large %
ndslide in the proposed reservoir during a reservoir-induced earth-
.6 appears to be Tlow. This judgment should be reviewed when final
design is considered.
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TABLE 6-1

Woodward-Clyde Consultants

REPORTED CASES OF RESERVOIR-INDUCED SEISMICITY (RIS) '

Nagnitude of Largest

!g._z Dam Name, Reservoir Name3 Country Classification of RIS RIS Event
1 Akosombo Main, Lake Volta Ghana Accepted, macro Intensity Vv
2 Almendra, Tormes Reservoir Spain Accepted, micro Less than 2
3 Bajina Basta Yugoslavia Accepted, micro Less than 3
4 Benmore New Zealand Accepted, macro and micro 5 (7}

5 Blowering Australia Accepted, macro and micro 3.5
6 Cabin Creek USA Kot R1S ———
7 Cajuru Brazil Questionable Approx. 4
B Camariilas Spain Accepted, macro 4.1
9 Canelles Spain Accepted, macro 4.7

10 Clark Hill USA Accepted, micro (macro?) 4.3 (1)

11 Contra, Lake Vogorno Switzerland Accepted, micro Less than 3

12 Coyote Valley, Lake Mendocino USA Accepted, macro 5.2

13 El Grado Spain Not RIS -

14 Emosson Switzerland Accepted, micro Less than 3

15 Eucurbiene Australia Accepted, macro 5 (?)

16 Fairfield, Lake Monticello USA Accepted, micro 2.8

17 Ghirni India Questionable -

18 Grancarevo Yugos lavia Accepted, micro Less than 3

19 Grandval France Accepted, macro and micro Intensity Vv

20 Hendrik Verwoerd South Africa Accepted, micro Less than 2

21 Hoover, Lake Mead USa Accepted, macro and micro 5.0

22 Itezhitezhi Zamhia Accepted, macro 4 or less (7}

23 Jocassee USA Accepted, macro and micro 3.2

24 Kamafusa Japan Accepted, micro Less than 3

25 Kariba Zambta/Rhodesia Accepted, macra and micro 6.25

26 Xastraki Greece Accepted, macro 4.6

27 Keban Turkey Accepted, micro Less than 3

28 Kerr, Flathead Lake usa Accepted, macro 4.9

Kinarsani india Questionable -—-

29 Koyna, Shivaji Sagar Lake India Accepted, macro and micro

30 Kremasta Greece Accepted, macro and micro

31 Kurobe Japan Accepted, macro and micro

32 La Cohilla Spain Questionable

33 La Fuensanta Spain Questionable

34 Mangatam India Questionable ———

35 Mangla Pakistan Not R1S -

36 Hanicougan 3 Canada Accepted, macro and micro 4.]

37 Marathon Greece Accepted, macro 5.75

38 Mica Canada Not RIS -

39 Monteynard France Accepted,  macro Intensity VIl

40 Mula India Accepted, micro Less than ]

41 Nurek USSR Accepted, macro and micro 4.5

42 Oroville usA Accepted, macro 5.7

43 Qued Fodda Algeria Accepted, micro Less than 3

44 Palisades USA Accepted, micro 3.7 (1)

45 Parambikulam India Questionable -—

46 Piastra Italy Accepted, macro and micro 4.4

47 Pieve di Cadore Italy Accepted, macro and micro Intensity V

48 Porto Colombia Brazil Accepted, macro Intensity VI to VII

49 Rocky Reach USA Not RIS -

50 San Luis USA Not RIS -

51 Sanford usa Hot RIS -

52 Schiegeis Austria Accepted, micro Less than 2

53 Sefid Rud Iran Questionable 4.7

Sharavathi India Questionable _—

54 Shasta USA Accepted, micro Less than 3

55 Sholayar JIndia Questionable -

56 Talbingo Australia Accepted, macro and wicro 3.5

57 Ukai India Questionable -

58 vajent Italy Accepted, micro Less than 3

59 volia Grande Brazil Accepted, macro Less than 4

60 Youglans France Accepted, macro 4.4

61 Warragamba, Lake Burragorang Australia Questionable 5.4

62 Xinfengjiang China Accepted, macro and micro 6

Hotes:

1. Data source:

Packer and others {1979},

2. HNumbers correspond to numbers in Figure 6-1; Kinarsani and Sharavathi are unplotted because
of insufficient data.

3, where only one name is given, either the reservoir name is the same as the dam name or only

the dam name is known.

4, A dash indicates the magnitude was not obtained. lntensities are given in the Modified
Mercalli Scale of Wood and Neumann {1331) for cases in which this value was given in lieu
of the Richter magnitude.
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ABLE 6-2
TABLE 6-2
RESERVOIR-INDUCED SEISMIC EVENTS WITH MAXIMUM MAGNITUDE OF 5 OR GREATERL

Active Fault?2

Reservoir Magnitude Present
Shivaji Sagar Lake 6.5 Yes3
Kariba Lake Kariba 6.25 Not obtained4
Kremasta Lake Kremasta 6.3 Yes3
_Xinfengjiang Xinfengjiang 6.0 Yes
Marathon Lake Marathon 5.75 Not obtained4
Qroville Oroville Reservoir 5.7 Yes
ECoyote Valley Lake Mendocino 5.3 Yes
Benmore Lake Benmore 5.0 Yes3
Eucembene Lake Eucembene 5.0 Yes3
Hoover Lake Mead 5.0 Yes3

Notes:

1. Data Source: Packer and others (1979).

2. Active faults are those defined as having displacement
in the present tectonic stress regime.

Determination is based on field reconnaissance studies.

The presence of an active fault has not been obtained but is
considered probable because of the tectonic setting.
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- MAXIMUM CREDIBLE EARTHQUAKES (MCEs)

The approach to estimating the maximum credible earthquakes (MCEs) in a
region, and thereby to establishing a basis for estimating the ground-
motion parameters at a specific site, is based on the premise that
significant earthquake activity is associated with faults with recent
displacement. The evaluation of the MCE that may be associated with
;a given fault is closely related to the geologic and seismologic
setting in the site region. Therefore, it is necessary to identify the
characteristics of the faults with recent displacement in order to
assess their seismic source potential. For this study, the only faults
considered to have been subject to recent displacement within or
_adjacent to the site region are the Castle Mountain fault and the
Denali fault. The Benioff zone passes at depth beneath the site
and is also considered to be a potential seismic source. These three
_potential sources are the Talkeetna Terrain boundary faults discussed
in Section 4.3.

In addition to assessing the MCE for seismic sources in or adjacent to
the site region, the size of the maximum earthquake that could occur
on a fault with recent displacement that might not have been detected by
our geologic investigation was evaluated. This earthquake has been
‘designated the detection level earthquake as discussed in Section 4.2.4.

The selection of ground-motion parameters for the project was based on
both deterministic and probabilistic approaches (Section 8). For the
deterministic approach, MCEs were estimated for each of the seismic
sources and for the detection level earthquake. The closest distance of
these sources from the Watana and Devil Canyon sites were estimated and
used in the seismic design analysis. The MCEs and their distance from
the sites are summarized in Table 7-1. The 13 significant features near
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sites were Jjudged either not to be faults or to be faults without
t displacement; therefore, they were not included in this analysis.

deterministic approach can be relatively conservative as it includes
assumptions that the MCE will occur during the Tlifetime of the
ity and will occur at the closest approach of the respective
es to the sites. The approach does not take into account whether
assumptions are geologically or seismologically reasonable.

probabilistic approach models the occurrence of earthquakes using
: geological and seismological characteristics of the site region.
.ing this approach, estimates were made of the ground motions that
occur during the life of the Project. The MCEs estimated for the
jsmic sources are the same as those estimated for the deterministic
ach. In addition, the recurrence interval, maximum rupture length,
imum displacement, fault geometry, and slip rate were estimated for
1+ of the MCEs and their sources along with their b-slope. The MCE
g used in the probabilistic ground-motion analysis are summarized in
ie 7-1 and discussed in Section 8.

probabilistic analysis specifies the contribution of each of
seismic sources to the overall ground motions. This approach is
fgned to provide a more realistic model of seismic ground motions to
cth the site may aétua]]y be subjected than does the deterministic
proach. Using the probabilistic model, a systematic evaluation is
» of the ground motions which could result from the MCE, not only
the closest distance to the site, but also at different locations
a particular seismic source. The approach also incorporates the
drrence interval of earthguakes on the sources and uses these data to
#ss the Tikelihood of occurrence during the Tifetime of the project.
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1 - Sources QOutside the Talkeetna Terrain

he MCEs for sources outside the Talkeetna Terrain, such as the mega-
ﬁrust zone at the Aleutian Trench or the Fairweather fault, are not of
jgnificance to the Project because of the distance of these sources
rom the Project and because of the presence of seismic sources such as
he Denali fault and the Benioff zone that are closer to the Project.
Even if it is assumed that a magnitude (Mg) 8.5 event could occur on a
known seismic source outside the Talkeetna Terrain, the resultant ground
motions would be significantly less than those for the Denali fault or
the Benioff zone. Consequently, MCEs associated with seismic sources
outside the Talkeetna Terrain have not been considered further for this

investigation.

7.2 - Talkeetna Terrain Boundary Sources

The MCEs were estimated for three of the boundaries of the Talkeetna
Terrain. These boundary sources are the Castle Mountain fault to the
south, the Denali fault system to the north and east, and the Benioff
. zone at depth.

7.2.1 - The Castle Mountain Fault

The MCE for the Castle Mountain fault is estimated to be a magni-
tude (Mg) 7-1/2 event. This estimate is based on the following
assumptions:

1) The Tlength of the Castle Mountain fault, 295 miles (475 km),
is considered to be a discrete zone of crustal weakness that
would be subject to an earthquake during a period of strain
release;
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2) The Castle Mountain fault is a strike-slip fault according to
the definition of Bonilla and Buchanan (1970);

3)  Using Slemmons' data (U.S. Nuclear Regulatory Commission,
1981) for strike-slip faults, the maximum rupture length that
could occur during a single earthquake is estimated to be
55 miles (89 km); and

4)  The rupture length cited in (3) would be expected to be
associated with an MCE of magnitude (Mg) 7-1/2 using Slemmons'
(1977b) relationship for magnitude vs. rupture length for
strike-slip faults.

7.2.2 - The Denali Fault

The MCE for the Denali fault is estimated to be a magnitude
(Mg) 8 event. This estimate is based on the following assumptions:

—
~—

The part of the Denali fault clecsest to the Project sites
includes the Togiak-Tikchik, Holitna, Farewell, and Shakwak
Valley (west of the Totschunda fault) fault segments and the
McKinley strand described by Grantz (1966) and discussed in
Section 4.3. The total length of the fault considered for
this analysis is 670 miles (1,080 km);

2)  The fault length described in (1) above is the longest section
of the Denali fault near the Project sites that appears to be
a discrete zone of crustal weakness that could rupture in an

earthquake;

3) The Denali fault is a strike-slip fault;
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4)  An estimated maximum rupture length of 178 miles (287 km) may
be postulated to occur during a single earthquake using
Slemmons' data (U.S. Nuclear Regulatory Commission, 1981) for
strike-slip faults; and

5) The rupture length cited in (4) would be expected to be
associated with an MCE of magnitude (Mg) 8, using Slemmons'
(1977b) relationship for magnitude vs. fault rupture length
for strike-slip faults.

7.2.3 - The Benioff Zone

Interplate Region

The MCE for the interplate region of the Benioff zone is esti-
mated to be the equivalent of the 1964 Prince William Sound,
Alaska, earthquake of M, 9.2. (For consistency of presenta-
tion, elsewhere in the report we have used the Mg 8-1/2 magnitude
designation for this same event. It is recognized that the
Mg scale has substantial shortcomings as an adequate indicator
of energy release and size when an earthquake reaches a magnitude
of about (Mg) 8. However, the Mg 8-1/2 designation is used
here to represent the 1964 Prince William Sound earthguake size
and to correspond with the My 9.2 designation.) The closest
approach of the interplate region to the Watana and Devil Canyon
sites is 40 miles (64 km) and 57 miles (91 km), respectively.
These distances are measured to the 22-mile (35-km) depth contour
on the interface between the subducting Pacific plate and the
North American plate (Figure 5-7). As discussed in Section 5,
this depth is assumed to mark the down-dip limit of great shallow
interplate earthquakes and the closest distance to the sites at
which the MCE could occur.
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The assumptions used to derive the interplate region MCE are
summarized in the following paragraphs.

The MCE that could occur on the interface of any of the worldwide
Benioff zone interplate regions is estimated to be magnitude
(Mw, moment magnitude) 9.5. The fault rupture area and magni-
tude of this earthquake exceed the corresponding values for the
1964 Prince William Sound earthquake of magnitude (M,) 9.2. In
addition, the assumed magnitude (My) of 9.5 is equal to the
magnitude of the Targest earthquake that has occurred this
century, namely the 1960 earthquake near Chile.

It is considered unlikely that an earthquake of magnitude (M)
9.5 would occur on the interplate region interface. Rather, it
appears much more probable that future great earthquakes would
rupture approximately the same plate boundary segment that
ruptured in the 1964 earthquake in Alaska. As was the case in
1964, the magnitude (M,, moment magnitude) would be expected
to be 9.2 and the closest distances to the Watana and Devil
Canyon sites would be 88 miles (142 km) and 108 miles (174 km),
respectively. These distances to the sites are the closest
approach of the area that ruptured in the 1964 earthquake and
are considerably greater than those used for seismic design
(i.e., 40 miles [64 km] and 57 miles [91 km], respectively).

One of the more conservative assumptions that could be made about
the interplate region earthquake is that it could rupture from
the surface down dip to the aseismic front (the latter is shown
in Figure 5-7). The magnitude (M,, moment magnitude) would
be 9.5 and the closest distances to the Watana and Devil Canyon
sites would be 40 miles (64 km) and 57 miles (91 km), respec-
tively. However, such an assumption would be contrary to the
expectation (based on the considerations outlined in Section 5)
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that great interplate thrust events should not rupture farther
down dip than 22 miles (35 km). If rupture of the deeper segment
adjacent to the aseismic front were to occur, it would most
Tikely occur independently of rupture on the shallow segment,
and it would be unlikely to have a magnitude greater than (M¢)
7.5, as occurred during the 1978 Miyagi-oki, Japan, earthquake
(Seno and others, 1980).

Intraplate Region

The MCE for the intraplate region of the Benioff zone is esti-
mated to be magnitude (Mg) 7-1/2. This magnitude is based on
an estimated maximum possible fault rupture area within the
intraplate region and on historical seismicity (Section 5). The
estimated maximum fault rupture dimensions of 9 miles (15 km) by
62 miles (100 km) yield a magnitude (My» Moment magnitude) of
7.2. A survey of the magnitudes of past intraplate earthquakes
worldwide in the depth range 25 to 45 miles (40 to 70 km) reveals
no events greater than magnitude (Mg) 7.6 (Section 5). The
closest distance of the intraplate region of the Benioff zone
to the Watana and Devil Canyon sites is 31 miles (50 km) and
38 miles (61 km), respectively.

.3 - Talkeetna Terrain Sources

» discussed in Section 4.4 and at the beginning of Section 7, the 13
ratures in the Talkeetna Terrain near the Watana and Devi] Canyon sites
tve been judged either not to be faults or to be faults without recent
splacement. None of these features are considered to be seismic
urces; thus, it is inappropriate to assign MCEs to them.
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The absence of recognizable faults with recent displacement in the
Talkeetna Terrain sets an upper Timit on the magnitude of earthquakes
that could occur on a fault (near one of the sites) that might not
_have been detected by our geological investigation. Consequently, an
 est1mate was made of the size of earthquake that might have occurred
without 1leaving detectable geologic evidence. This earthquake was
_designated the "detection level earthquake." The detection level
_earthquake for the Talkeetna Terrain is estimated to be magnitude
(Mg) 6 (Section 4.2.4). The closest distance of this earthquake to
either of the sites is estimated to be <6 miles (<10 km), as shown 1in
Table 7-1.

7.4 - Effect of Reservoir-Induced Seismicity

The hydrologic effects of the proposed reservoirs are postulated to
influence an elliptically shaped area that extends up to 19 miles
(30 km) about the center (i.e., with a diameter of 37 miles [60 km]) of
the proposed Devil Canyon-Watana reservoir, as discussed in Section 6.
However, the reservoir and RIS will not affect consideration of MCEs
along the faults outside the hydrologic regime of the reservoir,
including the Castle Mountain and Denali faults and the Benioff zone.

Within the hydrologic regime of the reservoir, the influence of a
reservoir is believed to be limited to that of a triggering mechanism
(as discussed in Section 6). Thus, the reservoirs are not expected

to cause an earthquake Targer than that which could occur "naturally."

Moderate to large RIS events tend to have occurred where faults with
recent displacement 1lie within the hydrologic regime of the reservoir.

No faults with recent displacement have been observed within the
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ydrologic regime of the proposed reservoir. Consequently, the effect
RIS 1is expected to be limited to the detection level earthquake,
ich is discussed in Section 4.2.4. This effect is expected to be
atively small, as discussed in Section 8.2.3.




Earthqueke

fault:

Analysis or data are discussed in Section 7.
Analysis or data are discussed in Section 4,
Analysis or data are discussed in Section 5.

the b-slope for other major strike-slip faults.
Davies and others (1581).
These b-slopes are discussed in Section 5.4 and shown in Figure 5-9.

of the intraplate region of the Benioff zone.
Woodward-Clyde Consultants, 1978.
Obtained in the b-slope shown in Figure 5-9.

Displacement is from relationships in Slemmons (1977b).

Calculated by dividing fault length by MCE rupture length.

Estimated average return period of the MCE that may occur on the fault.

Slope of earthquake recurrence curves that are shown in Figure 5-9.

Estimate calculated using the procedures described in Appendix A.7.

Calculated by multiplying the fault recurrence by the number of MCE rupture lengths (e.g., for the Denali
250 years x 3.8 = 1,100 years).
The fault, and fault rupture during an MCE, are assumed to extend to the base of the crust, i.e., 12 miles (20 km).

These values are consistent with the b-slope that is used for the Talkeetna Terrain and are compatible with

Source MCE Closest Approach to Faultl,2,3
Devil CanyonZ  atanal Length Width Slip rate

(Ms)l mi les (km) mi Tes (km) Type Strike Dip miles (km) miles(km) in.(cm)/yr
astle Mountain 7-1/2 71 (115) 65 (105) Strike- N60° to 62°F 90° 295 (475) 12 (20)° 0.2 (0.5)
Fault slip
enali Fault 8 40 (64) 43 (70) Strike- N59° to 63°E 90" 670 (1080) 12 (20)9 0.4 (1.0)

slip

enioff Zone 8-1/2 57 (91) 40 (64) N/A N45°E 7° NW 434 (700) 161 (260)3 N/A
(Interplate)
eniof f Zone 7-1/2 38 (61) 31 (50) N/A N/A N/A w/alt n/al® N/A
(Intraplate)
etection Level 6 <6 (<l1o) <6 (<10) N/A N/A N/A N/A N/A N/A

The intraplate earthquake was assumed to occur on a fault anywhere within a 10,425 square-mile (27,000—km2) section

MCE Rupture Fault Number of Fault Segment

Lengthl Width Displacement® Recurrenced MCE Rupture b~ Recurrence8
miles (km) mi les (km) feet (m) years Lengthsb Sloped./ years
55 (89) 12 (20)g 7.5 (2.6) 23510 5.3 0.8511 1,245
178 (287) 12 (20)°  21.6 (6.6) 29010 3.8 08511 1,100
434 (700) 124 (200)3 N/A 16012 N/A 0.8513 N/A.
62 (100) 12 (20)3 N/A 27515 N/A 0.6813 N/A
5.2 (8.4)° 5.2 (8.4)° N/ 2,700 N/A 0.91% N/A

TABLE 7-1
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8 - GROUND MOTIONS

8.1 - Introduction

The objective of this study is to develop estimates of the parameters of
ground shaking at the Watana and Devil Canyon sites that may result from
earthquakes in the site region. The ground motion parameters addressed
in this report include peak acceleration, response spectra, and duration
of strong shaking.

Deterministic estimates of ground motions are presented in this section
for maximum credible earthguakes on significant faults with recent
displacement in or adjacent to the site region. These faults are
the Denali fault to the north of the sites and the interplate and
intraplate regions of the Benioff zone beneath the sites. Deterministic
estimates are also presented for an earthquake in the Talkeetna Terrain
(designated the detection level earthquake, as discussed in Section
4.2.4), which, for purposes of these estimates, is assumed to occur
close (within 6 miles [10 km]) to the sites.

A probabilistic analysis of ground motions has also been made for
this study. The purpose of this analysis, referred to in this section
as a seismic exposure analysis, is to assess the probabilities that
values of peak ground acceleration may be exceeded at the sites and to
identify the seismic sources that have a dominant contribution to
the probability of exceedance. Also, the results of this analysis
may be used to select design ground motion levels for appurtenant,
less critical project facilities such as intake towers, powerhouse
structures, and transmission towers.

This section is organized as follows. In Section 8.2, the seismicity
environment of the sites is summarized, including the potential seismic
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urces, maximum credible earthquakes on these sources, and recurrence
earthquakes on the sources. In Section 8.3, deterministic estimates
ground motions at the sites are presented. Section 8.4 describes the
dismic exposure analysis and results. The use of the deterministic and
gbabilistic results in formulating criteria for ground-motion design

r project facilities is discussed in Section 8.5.

2 - Seismicity Environment

8.2.1 - Potential Sources of Earthquakes

As described in Section 4, the Watana and Devil Canyon sites
are located within a tectonic unit designated the Talkeetna
Terrain. Known faults with recent displacement are present along
the boundaries of the Talkeetna Terrain, as shown in Figures 1-1
and 4-1. These faults are considered to be potential seismic
sources for the sites and include: the Castle Mountain fault,
approximately 71 miles (115 km) south of the Watana site; the
Denali fault, approximately 40 miles (64 km) north of the Watana
site; and the interplate and intraplate regions of the Benioff
zone, which underlie the Talkeetna Terrain. The interplate region
is at a depth of 40 miles (64 km) south of and beneath the Watana
site; the intraplate region dips downward to the northwest and
is about 31 miles (50 km) helow the Watana site at its closest
approach. In addition to these seismic sources, a detection level
earthquake is considered in this analysis; it is assumed that this
earthquake would cccur close to either site, that is, within
approximately 6 miles (10 km) of either site.

For deterministic estimates of ground motions, the Denali fault,
the interplate and intraplate regions of the Benioff zone, and the
detection level earthquake are all considered to be potential
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sources of earthquakes and ground motions. The Castle Mountain
fault is not specifically addressed, because ground shaking at the
sites due to a MCE on the Castle Mountain fault would be less
intense than ground shaking from MCEs on the other boundary
faults. For the probabilistic studies of ground motions, all of
the potential earthquake sources mentioned above, including the
Castle Mountain fault, were included. Table 8-1 summarizes the
potential earthquake sources addressed in the deterministic and
probabilistic studies and includes the closest distance of each
source to the sites.

8.2.2 - Maximum Credible Earthquakes (MCEs)

As described in Section 7, estimates of MCEs have been made for the
various potential seismic sources. The MCEs assigned to these
potential sources are magnitude (Mg) 7-1/2 for the Castle Mountain
fault, magnitude (Mg) 8 for the Denali fault, magnitude (M)
8-1/2 for the interplate region of the Benioff zone, and magnitude
(Mg) 7-1/2 for the intraplate region of the Benioff zone. A
maximum magnitude (Mg) of 6 has been assigned for the detection
level earthquake. MCE magnitudes for each seismic source are
summarized in Table 8-1.

8.2.3 - Earthquake Recurrence

The frequency of occurrence of different magnitude earthquakes
is characterized by a Gutenberg-Richter relationship:

Tog N(M) = a - bM
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where N(M) = average annual number of earthquakes greater than
or equal to magnitude M;
a, b = empirical constants.

The above relationship is considered valid for earthguakes up to
the estimated maximum credible magnitude for a source. Table 8-2
summarizes the estimated values of a and b for each source, and the
following paragraphs summarize the basis for these estimates.

Recurrence relationships were determined for the earthquake sources
using historical seismicity data, geologic data, and information
derived from the Susitna microearthquake network operated in 1980.
These data and information are discussed in Section 4.3 (for the
Denali and Castle Mountain faults) and in Section 5.4 (for the
interplate and intraplate regions of the Benioff zone and the
detection level earthquake).

The interplate region of the Benioff zone is the portion of the
Benioff zone that ruptured in the 1964 Prince William Sound
earthquake (magnitude [M¢] 8.4). Using the rate of convergence
and the down-slip length of interaction between the Pacific and
North American plates, Davies and others (1981) calculated a repeat
time of about 160 years for a great earthquake at shallow depth
along this portion of the Benioff zone. This recurrence interval
and the size of the interplate region considered (approximately
69,498 square miles [180,000 km2]) established the recurrence
relationship for great earthquakes (Section 5.4). The b-value of
0.85 was selected on the basis of regional historical seismicity.

The recurrence relationship for the intraplate region of the
Benioff zone was derived from the historical data compiled by the
University of Alaska (Agnew, 1980) and from data collected during
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operation of the 1981 microearthquake network (Woodward-Clyde
Consultants, 1980b). The data collected by the network showed a
b-slope of 0.68 (Section 5.4). During a 40-year period, Agnew
(1980) observed one magnitude (Mg) 6 earthquake which he attributed
to the deeper Benioff zone in a 6,564 square-mile (17,000 km2)
area beneath the sites. The relationship given in Table 8-2
appears to best fit the historical data and data obtained from the
seismic network.

Geologic field studies conducted during the two-year investigation
and reviews of pertinent Titerature were used to estimate earth-
quake recurrence for the Castle Mountain and Denali faults. A
recurrence interval of 235 years was estimated for a magnitude
(Mg) 7-1/2 earthquake on the Castle Mountain fault, which is
about 295 miles (475 km) long; this estimate is based on observed
slip rates (Section 4.3). A recurrence interval of 290 years
was estimated for a magnitude (M¢) 8 earthquake on the 670-mile
(1,080-km) length of the Denali fault west of the Totschunda fault
(Figure 4-1). A b-value of 0.85 was chosen for both sources on the
basis of historical seismicity in the region.

The recurrence relationship for the detection level earthquake
source was determined using data from the 1980 microearthquake
network and historical seismicity data. Few historical earthquakes
have occurred in the area considered for the recurrence of the
detection Tlevel earthquake, and the locations of the earthquakes
are subject to uncertainty as a result of the sparse station
coverage. Determining a recurrence relationship for the detection
level earthquake is therefore subject to some uncertainty because
of the limited quantity and guality of the historical seismicity
data. Agnew (1980) observed five earthquakes of magnitude (Mg) >4
in 16 years in an area of 4,633 sgaure miles (12,000 kmZ). The
results of the 1980 microearthquake network indicate a recurrence
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rate for magnitude (Mg) >4 earthquakes of approximately 0.40
events per year in the 6,564 square mile (17,000 kmz) micro-
earthquake study area. Agnew (1980) did not observe any shallow
earthquakes df magnitude (Mg) 6 or greater in this area. One
event of magnitude (Mg) 6 in the area was located at great depth
and is not considered to contribute to the shallow seismicity. A
b-value of 0.9 was chosen for the detection Tevel earthquake
because it is the value considered to be most consistent with the
historical seismicity data.

The influence of reservoir-induced seismicity (RIS) on the earth-
quake recurrence interval for the detection level earthquake
was also evaluated and incorporated into the seismic exposure
analysis. Section 6 describes the influence of RIS on earthquake
recurrence. The added effect of reservoir-induced seismicity on
the estimate of seismicity was characterized by a Gutenberg-Richter
relationship as summarized in Table 8-2.

8.3 - Deterministic Estimates of Earthquake Ground Motions

Information on maximum credible earthquake magnitudes and closest
distances of the faults from the sites (summarized in Table 8-1) was
used to estimate levels of earthquake ground motions at the sites. The
relationships employed for these estimates and the resulting ground-
motion characteristics are described in the following paragraphs.

8.3.1 - Attenuation of Earthquake Ground Motion

Attenuation relationships were selected to describe the variation
of peak ground acceleration and response spectral accelerations
at the ground surface at the sites in relation to earthquake
magnitude and distance of earthquakes from the site. These
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attenuation relationships were selected on the basis of analyses
of ground motions recorded during previous earthquakes, using
recordings selected to be appropriate for conditions at the sites,
i.e., rock at or very near the ground surface. The published work
of Schnabel and Seed (1973), Seed, Muraka, and others (1976), Seed,
Ugas, and Lysmar (1976), Woodward-Clyde Consultants (1978), Idriss
(1978), Crouse and Turner (1980), Seed (1980) and the results of
ground-motion studies at Woodward-Clyde Consultants were considered
in the selection of the attenuation relationships.

Woodward-Clyde Consultants (1978), Idriss (1978), and Crouse and
Turner (1980) indicate that ground motions from Benioff zone
(subduction zone) earthquakes may attenuate differently than ground
motions from shallow focus crustal earthquakes. To account for the
possible differences, two sets of attenuation relationships were
selected:

° A relationship for earthguakes occurring on the Benioff zone
beneath the sites. This attenuation relationship was based
primarily on analysis of recordings from South America and
Japan for subduction zone earthquakes.

A relationship for crustal earthquakes occurring on the
Castle Mountain fault and Denali fault, and the detection
level earthquake. The primary basis for this attenuation
relationship was recordings from locations in California and
other parts of the western United States.

The mean (average) attenuation relationships used in this study
for peak ground acceleration are illustrated in Figure 8-1 for
Benioff zone earthquakes and in Figure 8-2 for shallow focus
crustal earthguakes.



Woodward-Clyde Consulfanis

The selected attenuation relationships were compared with limited
data available from Alaska. This comparison is presented in
Figure 8-3 and indicates reasonably good agreement between the
Alaskan data and the attenuation curves used in this study.

8.3.2 - Estimates of Peak Ground Acceleration and Response

Spectra at the Dam Sites

Using the attenuation relationships (Benioff zone or shallow focus)
discussed above, mean peak ground accelerations at each site were
estimated to be:

Earthquake Mean Peak Ground Acceleration (g)
Source Watana Site Devil Canyon Site

Denali fault 0.2 0.2

Beniof f zone 0.35 0.3
(Interplate region)

Detection Level 0.5 0.5
Earthquake

It was found that the site ground motions from the Benioff zone are
governed by the interplate region of the zone; therefore, the
estimates for the intraplate region are not presented.

The response spectra of ground motions at the sites were also
estimated for MCEs on each of these seismic sources. The resulting
mean acceleration response spectra (damping ratios of 0.05 and
0.10) for the Denali fault and the interplate region of the Benioff
zone earthquakes are illustrated in Figure 8-4 for the Watana site
and in Figure 8-5 for the Devil Canyon site. The mean response
spectra at either site for a detection level earthquake is shown in
Figure 8-6.
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8.3.3 - Estimates of the Duration of Strong Ground Shaking
at the Dam Sites

The duration of strong ground shaking (significant duration)
was estimated primarily on the basis of results presented by Dobry
and others (1978). In that study, significant duration is defined
as the time during which from 5 to 95 percent of the energy of
an accelerogram is developed. The significant duration may be
estimated from the following table:

Significant Duration

Earthquake Magnitude (seconds)
6 6
7 15
8 35
8-1/2 45

3.4 - Assessment of Seismic Exposure

8.4.1 - Methodology

Estimates of the probability of exceeding various levels of peak
ground acceleration at the sites were made using the approach
illustrated in Figure 8-7. As indicated in that figure, the
probability analysis requires the characterization of certain input
parameters. Specifically, these include:

identification and geometry of seismicity sources;

seismic activity (recurrence and maximum magnitude) of each
source;

relationship between rupture area and earthquake magnitude;

8 -9
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ground motion attenuation relationships; and

-]

anticipated design time period of interest.

With these inputs, the exposure analysis was conducted to calculate
the mean number of occurrences by which a given level of ground
motion would be exceeded at each of the sites during the time
period of interest, by combining the contributions of different
magnitude earthquakes occurring on the various sources at different
distances from the sites. The calculations were made using the
computer program called PROGRAM SEISMIC EXPOSURE developed by
Woodward-Clyde Consultants (in press).

The resulting mean number of occurrences that would exceed a given
level of ground motion at a site within the time period of interest
may then be used to estimate the probability of that level being
exceeded at least once during that time period of interest. The
analysis also provides an indication of the relative importance
of an individual source based on its contribution to the total

exposure of each site.

8.4.2 - Assessment of Inputs for Analysis

The earthguake sources considered in the analysis and the charac-
terization of their seismic activity are summarized in Tables 8-1
and 8-2. The Castle Mountain and Denali faults were modeled as
vertical planes extending in depth from 0 miles (0 km) (ground
surface) to 12 miles (20 km). The Benioff zone was modeled as
dipping planes at depth, representing the interplate and intraplate
regions. The fault on which the detection level earthquake might
occur was modeled as a series of vertical planes extending to
a depth of 12 miles (20 km), simulating the possible location of a
detection level earthquake at any Tlocation within the area of the
Talkeetna Terrain.

8 - 10
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In the analysis, it 1is assumed that an earthquake can occur with
equal likelihood at any location on the planar surfaces defined for
a given earthquake source. Because the attenuation relationships
are defined in terms of closest distance from the fault rupture
surface to the site, it is necessary to characterize the dimensions
of fault rupture for given earthquake magnitudes. The relation-
ships shown in Figure 8-8 between magnitude and rupture area,
length, and width were used to characterize the dimensions of fault
rutpure. A further constraint is necessary for the cases in which
the fault width is limited by the fault geometry (e.g., to a width
[depth] of 12 miles [20 km] for shallow crustal faults). For these
cases, the rupture width was limited to the fault width, and the
rupture length was selected to provide the total rupture area given
in Figure 8-8.

The peak acceleration attenuation relationships (mean values)
used in the analysis are shown in Figures 8-1 and 8-2. For a
probabilistic evaluation, it is impertant to include the uncer-
tainties in the predicted acceleration values for any given
earthquake magnitude and distance. A random error term was used
in the analysis to represent that uncertainty as a statistical
distribution about the median values. A Tog normal distribution
was assumed and the standard error term taken to be s = 0.40
for the shallow focus relaticnship and s = 0.60 for the Benioff
zone relationship. The median (50th percentile), mean, and
median-plus-standard-deviation (84th percentile) values of peak
acceleration are related as follows:

2/2
= . S
dmean © 9dmedian - ©

agath percentile = amedian - €°
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The methodology also provides for constraining the probability
distribution of peak acceleration so that unrealistically high
values of peak acceleration are not included in calculating
probabilities of exceedance. An upper bound on peak acceleration
was specified to be three standard deviations on the basis of the
trends and bounds suggested by empirical data.

For this analysis, the design time period of interest was assumed
to be 100 years.

8.4.3 - Results

Probabilities of exceedance were calculated for various levels of
peak ground acceleration at the Watana site. The calculations
were not repeated for the Devil Canyon site; however, the results
would not be significantly different between the two sites because
of their similar relative proximity to the seismic sources.
(The probabilities of exceedance would be slightly lower at the
Devil Canyon site because this site is somewhat further from the
interplate region of the Benioff zone than is the Watana site).
A plot of the probability of exceedance versus peak acceleration
of the Watana site is shown in Figure 8-9. For probability of
exceedance levels of 50%, 30%, 10%, 5%, and 1% in 100 years, the
corresponding peak ground accelerations are the following:

ProbabiTity of Peak Ground Acceleration
Exceedance at Watana Site (g)
50% 0.28
30% 0.32
10% 0.41
5% 0.48
1% 0.64

8 - 12
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The relative contributions of each seismic source to the proba-
bilities of exceedance were also examined. The interplate region
of the Benioff zone was found to contribute about 80 percent of the
probabilities of exceedance. The reason for the dominance of this
source on the results is primarily the projected high Tlevel of
activity on the source, which is reflected in the recurrence
relationships (Table 8-2) used in the analysis. The high maximum

~magnitude (Mg 8-1/2) for the interplate region of the Benioff
zone and the higher acceleration attenuation curves used for
the Benioff zone as compared to those used for shallow sources
(Figures 8-1 and 8-2) are also reasons for the dominant influence
of the interplate region of the Benioff zone on the results of the
seismic exposure analysis.

Most of the rest of the contribution to the probabilities of
exceedance comes from the intraplate region of the Benioff zone.
The Castle Mountain fault, the Denali fault, and the detection
level earthquake contribute only slightly to the probabilities of
exceedance. The contributions of the Castle Mountain fault and the
Denali fault are small primarily because of the relatively large
distances of these faults from the site. The contributions of the
detection level earthquake are small primarily because of the
projected low level of activity for the Talkeetna Terrain.

.5 - Use of Results of Ground Motion Studies in Selecting Design

Ground-Motion Criteria

he results of the deterministic and probabilistic estimates of earth-
uake ground motions may be used in selecting ground-motion levels to be
sed for design of the dams and other project facilities.

8 - 13
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design of critical facilities, such as dams, has often been Based on
erministic estimates of ground motion for MCEs. However, it is also
irable to take into account the probability of exceeding ground-
ion levels in selecting design levels. The results of this study
icate that the most Tikely source of strong ground shaking at the
e is the interplate region of the Benioff zone. The other sources

much less likely to cause the same levels of ground shaking at the
e.

sible design ground-motion criteria for the proposed dams have been
mulated for a MCE occurring on the interplate region of the Benioff
e. For the Watana site, the estimated mean response spectrum for
s earthquake is plotted in Figure 8-4. For a critical facility, the
ign is often made for ground motion at an 84th percentile level
her than at a mean level. In Figure 8-10, both the mean and the 84th
centile response spectrum are shown for the Watana site for a MCE on
interplate region of the Benioff zone.

ause the seismic analysis of Watana dam will be made using an
eleration time history rather than a response spectrum, a possible
ign acceleration time history was developed. A plot of this accel-
tion time history is shown in Figure 8-11, and the response spectrum
the time history is shown in Figure 8-10 superimposed on the smooth
ponse spectra. As can be seen in Figure 8-10, the response spectrum
the time history lies between the mean to somewhat above the 84th
centile smooth spectra. It is anticipated that the fundamental
iod of Watana dam will be in the range of about 1 to 2 seconds.
ure 8-10 shows that the response spectrum of the time history is
se to the 84th percentile smooth spectrum in this period range.
0, the significant duration of the time history is about 45 seconds,
ch is consistent with the duration expected for a magnitude 8-1/2
thquake.

8 - 14
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the Devil Canyon site, mean and 84th percentile response spectra for
CE on the interplate region of the Benioff zone are presented in
ire 8-12. Because the seismic analysis of the proposed Devil Canyon
may be made using a rupture spectrum rather than an acceleration
> history, a time history has not been developed for the Devil Canyon
2. If a time history should be needed, it could readily be developed
nodifying the time history shown in Figure 8-11. The modifications
d involve scaling the time history shown in Figure 8-11 and modify-
its frequency characteristics to provide response spectral values
e to the 84th percentile Tlevel at the fundamental period of the

gn ground-motion criteria for a maximum credible detection level
hquake could be formulated in a manner similar to that described
/e for a Benioff zone MCE. However, it is also appropriate to
ider the relatively low Tikelihood of detection level earthquakes in
arison to Benioff zone earthquakes in developing design criteria for
tection level earthquake.

non-critical facilities, such as a powerhouse or transmission
r, the results of the probabilistic studies can be used to aid
selecting design ground-motion criteria. Selection of the design
eria may include consideration of the acceptable levels of proba-
ties of exceedance, economics, and acceptable risks of damage
hese facilities.

8§ - 15
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TABLE 8-1

SUMMARY OF EARTHQUAKE SOURCES CONSIDERED IN GROUND-MOTION STUDIES

Closest Approach to
Proposed Dam Sites (km)

MCE

Earthquake Source (Mg) Devil Canyon Watana

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)
Benioff zone (Intraplate) 7-1/2 38 (61) 31 (50)
Detection Level 6 <6 (<10) <6 (<10)

Earthquake
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TABLE 8-2

SUMMARY OF EARTHQUAKE RECURRENCE ASSESSMENTS

Constants in
Gutenberg-Richter Re]ationshipl

MCE

Farthquake Source a b (Mg)
Castle Mountain fault 5.30 0.85 7-1/2
Denali fault 5.33 0.85 8
Beniof f zone (Interplate) 4,75 0.85 8-1/2
Benioff zone (Intraplate) 3.23 0.68 7-1/2
Detection Level Earthquake

Natural seismicity

only 3.97 0.9 6

Incremental seismicity 5

resulting from RIS 2.65 0.9 6

Notes:

1. Gutenberg-Richter Relationship: log N(M) = a - bM. For the
constants summarized herein, N(M) is the number of earthquakes
per 100 years per 62 miles (100 km) of fault length (in the case
of the Castle Mountain and Denali faults) and per 386 square miles
(1,000 km2) (in the case of the Benioff zone sources and the
detection level earthquake source).

2. Reservoir induced seismicity (RIS) is considered for 10 years per
386 square miles (1,000 km?).
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9 - TRANSMISSION LINE AND ACCESS ROUTE SUSCEPTIBILITY TO SEISMICALLY
INDUCED FAILURE

9.1 - Introduction

The objective of this part of the investigation was to provide input
regarding the behavior of those areas along the transmission Tline and
major access road routes that appeared to be underlain by soils that are
potentially susceptible to seismically induced ground failure such as
liquefaction or landsliding. The approach used to meet this objective
was to interpret large scale and small scale aerial photographs along
the rights-of-way and to review surficial geology mapping conducted by
Woodward-Clyde Consultants during the 1981 field study (Section 3) and
by R & M Associates, Inc. (1981).

The scope of this part of the investigation involved the interpretation
of aerial photographs within 5 miles (8 km) of the three proposed
routes shown in Figure 9-1. The photography used for the investigation
was: U-2 false color near-infrared photography flown by the National
Aeronautics and Space Administration (NASA) 1in 1977 at a scale of
1:125,000; color photography flown for Acres in 1980 at a scale of
1:24,000; low-sun-angle color near-infrared photography flown for
Woodward-Clyde Consultants in 1981 at a scale of 1:24,000; and black and
white photography flown by the U.S. Army in 1949, primarily at a
scale of 1:40,000.

Criteria were established to guide the identification of two types
of potentially hazardous areas. The two types of hazards are seis-
mically triggered landslides and seismically induced liquefaction. The
hazards were assumed to have the potential to occur in the site region
during moderate to large earthquakes. No attempt was made to refine the
analysis for different magnitude events occurring at various distances
from the potential hazard areas.

BUOISMIDUMO Ty T
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Areas identified as having the potential for seismically induced land-
slides included:

a) areas with previous Tlandslides and slumps;

b) river and stream valleys with steep slopes and overhanging promon-
tories; and

c) areas with ground fracturing on slopes above river and stream
valleys.

Criteria for areas of potential liquefaction were derived by reviewing
reports of the areas that Tiquefied during the 1964 Prince William Sound
earthquake (magnitude [Mc] 8.4). This review included reports by
Foster and Karlstrom (1967), McCulloch and Bonilla, (1970), Plafker
(1969), and Tysdal (1976). Liguefaction during the 1964 earthquake was
concentrated in areas of unconsolidated deposits, particularly where
the ground was saturated with water. Typically, these were areas
underlain by glacial till, glaciolacustrine and glaciofluvial deposits,
pro-glacial lake sediments, marine sediments, alluvium, loess, and
clay.

Areas identified as having the potential for seismically induced 1lique-
faction in and along the transmission and access routes included:

a) floodplain deposits along the margins of rivers and streams,
and

b) areas underlain by glacial deposits, particularly kettles and
deposits with standing or near-surface water.

Section 9.2 discusses each of the areas identified as potentially being

susceptible to seismically induced landslides and/or Tliguefaction. It
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should be emphasized that these locations have not been field checked.
These locations and the selected right-of-way should be field checked
prior to final design and construction.

9.2 - Areas of Potential Susceptibililty

This section presents the results of the study for each of the three
transmission line and access route alternates. Each of the areas of
potential susceptibility have been given a location number (T1-1, T1-2,

etc.) and are shown in Figure 9-1.

9.2.1 - Alternate Route 1

Location T1-1 is Tlocated on a ridge 1-1/4 miles (2 km) northeast of
Gold Creek (Figure 9-1). It consists of several depressions which
may be kettles. The kettles appear to contain unconsolidated
sediments and excessive water. This Tlocation may be an area of
potential liquefaction under seismic loading conditions. The
location of this area is indicated by the ground pattern and the
brownish coloration of the vegetation within the depressions. At
the point the Susitna bends eastward, upstream from Gold Creek,
the floodplain (outwash material) contains kettles and pits
(Figure 9-1; Location T1-2); this area may also contain areas of
potential liquefaction.

Where Alternate Route 1 enters the stream valley southeast of
Location Tl-1, a site of possible Tandsliding is encountered
(Location T1-3). At the top of the ridge east of the stream
valley, Alternate Route 1 follows a colluvial deposit before
reaching the Devil Canyon site (Location Tl-4). The colluvium
appears to contain numerous depressions where unconsolidated
material is present and the water content is higher, as indicated
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by the vegetation. These locations, T1-1, T2-2, and T1-4, have the
potential for liquefaction. On the south side of the Susitna
River, adjacent to the Devil Canyon site, an old river channel
(associated with Feature KD5-43) on the hillside contains several
similar depressions which may be susceptible to liguefaction
(Location T1-5).

North of the Devil Canyon site, Alternate Route 1 trends northeast
between several lakes in the High Lake area. The drainages
from these lakes and the depressions in several low-lying areas
may be areas of potential 1liquefaction and should be evaluated
(Location T1-6). A bench of glacial till along Devil Creek at
Location Tl-7 is another area of potential liquefaction.

East of Devil Creek, numerous kettles and depressions at Locations
T1-8 and T1-9 in till appear to contain saturated sediments that
may present liquefaction problems. The route then crosses areas of
extensive outwash that contain numerous depressions (Locations
T1-10, 12, 13) that may be prone to liquefaction. North of the
Watana site, the route crosses several stream valleys which have
landslide scars at Locations Tl-11 and T1-14. Near Tsusena Creek
(Location T1-15) several landslides are present. South of Tsusena
Creek, an area of extensive small lakes and drainage channels is
present at Location Tl-16. This area also has the potential for
liquefaction. It is recommended that the route be carefully
located to avoid the numerous depressions at Location T1-17 (a
potential area of liquefaction) and the slide areas evident along
Tsusena Creek.

9.2.2 - Alternate Route 2

Alternate Route 2 from Devil Canyon to the Watana site starts out
at the intersection of Alternate Route 1, adjacent to a small lake
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0.5 mile (0.8 km) south of the Devil Canyon site (Figure 9-1). It
trends eastward on bedrock, but several stream valleys are crossed
at Location T2-1. At each crossing, slide areas are present.
Where the route crosses the bedrock exposures, several sites of
glacial drift deposits are present (Location T2-2). Depressions
containing what appear to be unconsolidated sediments that would
be potentially susceptible to Tliquefaction are present at this
location.

Southward of Location T2-2, the route is located on bedrock
before turning eastward 6 miles (10 km) west of Stephan Lake.
Near this bend, the route goes from bedrock to glacial deposits
(Location T2-3). These deposits contain numerous depressions and
hummocky areas and are underlain by relatively thick deposits
of unconsolidated sediments. The vegetation indicates that the
sediments are saturated in many of the sites. Near the west side
of Stephan Lake, an outwash deposit is crossed and several boggy
depressions are present (T2-4). Both of these locations (T2-3 and
T2-4) are areas of potential liquefaction.

At the northeast end of Stephan Lake, the route passes several
small lakes with intersecting drainages (Location T2-5). East of
Location T2-5, the route enters an area of morainal sediments
(Location T2-6). Several streams with evidence of slides are
present near Location T2-6. During the 1981 field season, ground
thawing and resultant slumping of surficial units occurred near
Location T2-6. Locations T2-5 and T2-6 are areas that are poten-
tially susceptible to liquefaction.

There are many slide areas where the route crosses Fog Creek; some
are in ablation til11 (Location T2-7). This creek valley appears to
be potentially unstable at numerous locations. Near Fog Lakes,
there are numerous kettles in the glacial till, with possible
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permafrost underlying the area (Location T2-8). Because of the
potential susceptibility to liquefaction, the route location
should be carefully planned through this area. Near the Susitna
River and the Watana site, several slide areas are also present
(Location T2-9).

9.2.3 - Alternate Route 3

Alternate Route 3 trends northward from the Watana site to the
Denali Highway (Figure 9-1). North of the Watana site, a group of
small lakes are present in the glacial deposits at Location T3-1.
This area is potentially susceptible to liquefaction. These lakes
and deposits continue northward to Deadman Creek. Several areas of
outwash are present, and the vegetation pattern indicates sluggish
drainage and potential sites of Tliguefaction at Location T3-2.
On the high slopes above and west of Deadman Creek, bedrock is
present.  The only areas that are considered to be potentially
susceptible to slide hazards are at stream crossings (Location
T3-3). Northwest of Deadman Mountain, the route enters the
Brushkana Creek area (Location T3-4). The entire area is pitted by
kettles and depressions (particularly in Locations T3-5 through
T3-8), is saturated, and has extensive areas of standing water. It
is expected that the area is underlain by unconsolidated sediments
and is potentially susceptible to liquefaction. The slide hazards
in this region appear to be limited, except for small areas at
stream crossings. Several scarps in a ground moraine are crossed
four miles (seven km) south of the Denali Highway at the Seattle
Creek Valley (Location T3-9). The route should be placed to avoid
the areas containing these potential slide sites.
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9.3 - Summary

In general, the areas which are expected to be potentially susceptible
to landslides are those where steep slopes are encountered (particulariy
where they are underlain by weak or unstable rock and young, unconsoli-
dated sediments), along river and stream drainages where previous
landslides have occurred. An example of this type of area is the
Susitna River banks upstream from the Watana site. It is recommended
that these potential landslide areas, and areas with characteristics
similar to those discussed previously in this section, either be avoided
or examined carefully prior to final route selection for both the

transmission line and the access route.

Areas generally expected to be susceptible to liquefaction are those
underlain by saturated, cohesionless, unconsolidated sediments. These
areas include river and stream floodplains, glacial depressions (such as
kettles), and unconsolidated glacial sediments such as glaciolacustrine,
glaciof Tuvial, outwash, and ice disintegration deposits. Prominent
examples of these types of areas are the Susitna River floodplain, the
Stephan Lake and Fog Lakes areas, the area between the Watana site and
Deadman Lake, and the Brushkana Creek area. It is recommended that
these potential liquefaction areas, and areas with characteristics
similar to those discussed previously in this section, either be avoided
or examined carefully prior to final route selection for both the

transmission Tine and the access route.
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10 - CONCLUSIONS

For the purpose of evaluating Project feasibility, two sets of con-
clusions were drawn from the results of the investigation: 1) the
feasibility conclusions, i.e., those considered important in evaluating
the feasibility of the Project; and 2) the technical conclusions
related to the scientific data collected. The results upon which
these conclusions were based should be reviewed when final design is
considered.

ALASAA KC
N % 2

10.1 - Feasibility Conclusions I

—
~—

The faults with known recent displacement closest to the Project
sites are the Denali and Castle Mountain faults. These faults,
and the Benioff zone associated with the subducting Pacific plate,
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; 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) Of the 13 significant features, nine were found to be lineaments

and four were found to be faults. No evidence of faults with

10 - 1
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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.

The detection Tevel 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 duraction of
strong shaking at the sites were made for the Denali fault, the
interplate 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 Tlikely 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.

- Technical Conclusions

The site is Tlocated within the Talkeetna Terrain. This tectonic
unit has the following boundaries: the Denali fault to the
north and northeast; the Totschunda fault to the east; the Castle
Mountain fault to the south; a broad zone of deformation and
volcanoes to the west; and the Benioff zone at depth.

The northern, eastern, and southern boundaries of the Talkeetna
Terrain are major fault systems along which displacement has
occurred in Quaternary time. The Benioff zone beneath the Talkeet-

na Terrain represents the upper margin of the Pacific plate which

10 - 2
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is being subducted beneath the North American plate. The western
boundary does not appear to have brittle deformation occurring
along a major fault.

The Talkeetna Terrain appears to be a relatively stable tectonic
unit within the present stress regime. Major strain release occurs
along the fault systems bounding the Terrain., Within the Terrain,
strain release appears to be randomly occurring at depth within the
crust. This strain release is possibly the result of crustal
adjustments resulting from stress within the Terrain caused by the
subduction of the Pacific plate and/or by stress imposed by fault

displacement along the Terrain margin.

The only fault system within the site region (within 62 miles
[100 km] of either Project site) which is known to have been
subject to displacement in late Quaternary time (the past 100,000
years) is the Denali fault. This fault is approximately 40 miles
(64 km) north of the sites at its closest approach. The only
other fault near the site region that has been subject to recent
displacement is the Castle Mountain fault which is immediately
south of the site region. This fault has been subject to displace-

ment in Tate Quaternary time.

Thirteen significant features were identified by the 1980 studies
as needing additional investigation. These 13 features were
selected on the basis of their seismic source potential and
potential for surface rupture through either Project site. Four of
these features are in the vicinity of the Watana site and include
the Talkeetna thrust fault, the Susitna feature, the Fins feature,
and the Watana Tineament. Nine of the features are in the vicinity
of the Devil Canyon site and include Faults KD5-2 and KC5-5, and
lineaments KD5-3, KD5-9, KD5-12, KD5-42, KD5-43, KD5-44, and
KD5-45.

10 - 3
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No evidence that the Susitna feature is a through-going fault was
recognized during this study. Aerial reconnaissance, ground
checking, low-sun-angle aerial photograph interpretation, and
trenching produced no evidence of a through-going fault in bedrock
along the lineament, and no evidence of deformation in overlying
surficial units.

The Talkeetna thrust fault is a northeast-southwest trending
fault that extends from the town of Denali southwest to the
Talkeetna River. The fault dips to the southeast except near
Talkeetna Hill where the fault is near vertical. On the basis of
aerial reconnaissance, ground checking, low-sun-angle aerial
nhotograph interpretation, and trenching, the fault 1is classified
as a fault without recent displacement.

The Broxson Gulch thrust fault is aligned with the Talkeetna
thrust fault at Denali and dips in the opposite direction (to the
northwest). Because of this dip reversal, the Broxson Gulch has
been judged to be unrelated to the Talkeetna thrust fault within
the present seismotectonic environment.

Seismicity within the Talkeetna Terrain can be clearly delineated
as crustal events occurring at depths to approximately 5 to
12 miles (8 to 20 km) and as Benioff zone events occurring at
greater depths. The depth to the Benioff zone increases from
approximately 25 miles (40 km) in the southeastern part of the site
region to more than 50 miles (80 km) in the northwestern part of
the microearthquake study area, and to more than 78 miles (125 km)
in the northwestern site region.

The Benioff zone can be divided into two regions, the interplate

region and the intraplate region. The former includes the area
where the Pacific plate is passing beneath, and in contact with,

10 - 4
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the North American plate. The largest earthquakes associated with
the Benioff zone occur on or adjacent to the interface between the
plates in this region. The intraplate region dips to the northwest
and is decoupled from the North American plate. This region has

smaller maximum earthquakes than the interplate region.

The largest reported historical earthquake within the Talkeetna
Terrain is the magnitude (Mg) 7.3 event of 1943 which occurred
along the western margin of the Terrain approximately 90 and
107 miles (144 and 171 km) west of the Devil Canyon and Watana
sites, respectively. Several Tineaments in the epicentral area may
represent faults that could have been the source on which this

earthquake occurred.

The largest crustal event recorded within the microearthquake
study area during three months of monitoring in 1980 was magnitude
(M_) 2.8. It occurred 7 miles (11 km) northeast of the Watana
site at a depth of 9 miles (15 km) on 2 July 1980.

No association of microearthquake activity with any of the 13
significant features is apparent.

The two reservoirs are considered to be one hydrologic entity.
This combined Devil Canyon-Watana reservoir would be among the
deepest and largest in the world. After comparing this reservoir
to similar reservoirs, our interpretation suggests that the mean
1ikelihood of a reservoir-induced earthquake within the hydrologic
regime of the proposed reservoir is 0.46 (on a scale of 0 to 1)
with a standard deviation of 0.22.

Since no faults with recent displacement were found within the

hydrologic regime of the proposed reservoir, the likelihood of a
RIS event of magnitude (Mg) >4 is considered to be low. However,

10 - 5
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the detection Timits for faults with recent displacement in this
region suggest that there is some likelihood that an RIS event up
to magnitude (Mg) 6 could occur. This is the magnitude of the
detection level earthquake.

10 - 6
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APPENDIX A - METHODS OF STUDY

This appendix describes the methods used for conducting the 1981 field
studies, including Quaternary geology, age dating, field mapping,
trenching, geophysical surveys, and low-sun-angle photography acquisi-
tion. It also describes the methods used for estimating the recurrence
intervals of maximum credible earthquakes for faults with recent
displacement.  Methods used for the 1980 studies are summarized in
Appendix A of the Interim Report (Woodward-Clyde Consultants, 1980b).

A.l - Quaternary Geology

A.1.1 - Scope of Studies

This section presents the methodology, procedures, and measuring
techniques used to perform the Quaternary geology tasks during the
1981 study (described in Section 3). Section A.1.2.1 describes the
pre-field subtasks used to identify the type, areal distribution,
and relative age of the Quaternary surfaces. These pre-field
studies included: Titerature acquisition and review; photogeologic
interpretation; data transfer to topographic base maps; and pre-
paration of a preliminary map of Quaternary surfaces. Field
studies used to supplement, refine, and support the interpreta-
tions derived from the pre-field studies are described in Section
A.1.2.2. The field studies included: aerial reconnaissance mapping
and excavation of test pits; collection of samples for radiocarbon
dating; and collection of relative (weathering) age data. Section
A.1.3 and A.2.1 discuss the field techniques used for radiocarbon
and relative (weathering) age dating of the surficial deposits.
Subsequent to the field studies, radiocarbon age dates were
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obtained for 11 samples. These dates along with a synthesis of the

field data were used to refine the map of Quaternary surfaces
(Figure 3-2).

Detailed evidence from which the maximum lateral and vertical
Timits of four chronologically distinct glaciations were derived
are presented in Section A.1.4. This evidence is discussed for
each of six subregions into which the Quaternary study region
was divided. These six subregions are shown in Figure A-1 and
discussed in Section A.l.4.

A.1.2 - Methods

A.1.2.1 - Pre-Field Studies

Published and unpublished Titerature was reviewed to provide
a regional perspective of the Quaternary glacial history of
south central Alaska. Applicable information was documented and
briefly summarized from both regional and site specific studies
that would help in the identification of glacial deposits in the
Quaternary study region and in understanding their distribution and
age. The results of this review are discussed in Section 3.2. A
copy of the literature and recorded summaries are included in the
project file.

Detailed photogeologic interpretation was used as the primary
method for evaluating the glacial chronology of the Quaternary
study region. Emphasis was placed on this method because the
glaciogenic features that can be of diagnostic value in deciphering
the geographic and elevational limits of glaciations lend them-
selves to identification on stereographic aerial photographs.
Three stereographic aerial photo sets, each providing different
levels of detail or resolution, were used to map the glaciogenic
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features. The three sets of aerial photographs were: 1)
1:120,000-scale high altitude color near-infrared; 2) U.S. Army
Corps of Engineers 1:40,000-scale black and white; and 3) Acres
1:24,000-scale color. Although they were not available during the
pre-field photo analysis, low-sun-angle 1:24,000-scale color
near-infrared photographs were used during aerial reconnaissance,
field mapping, and field verification of glacial surfaces.
For each set of photographs, photogeologic mapping was done on
registered mylar overlays. The different mappable units were color
coded or represented by symbolization.

In order to ensure as much objectivity as possible in identifying
featu?es and assessing their elevations, interpretation of aerial
photographs was completed for all photographic sets before any data
were transferred to the topographic base maps. In addition, each
flight line was interpreted independently; data from adjacent
flight lines were compared only during the transfer of data to the
topographic base. Evaluation and analysis of the data began only
after all of the data was transferred to the topographic base. The
detailed maps are not presented here, but they are filed in the
project file.

The photogeologic data were transferred from the photographs to the
U.S. Geological Survey topographic quadrangle maps (1:63,360
scale) using a Bausch and Lomb zoom transfer scope. The transfer
of these data to the maps introduced limitations in the accuracy of
locations and elevations. The sources of accuracy limitations
were: radial distortion at the photograph margins; lack of
distinguishing features for precise registration of photograph and
map; large variation in topographic elevation over small horizontal
distances; and the small inherent distortions introduced by
the transfer scope. The elevations of features, on which the
conclusions and results of this study are based, are accurate to
+200 feet (61 m).
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Evaluation and analysis of the data on the topographic base maps
allowed for construction of a preliminary morphostratigraphic
map showing the maximum extent of each major glacial episode.
The morphostratigraphic units show the elevational Tlimits of
geographical extents of ice-marginal glaciocgenic features having
similar morphologic, stratigraphic, or geograpnic expressions or
relationships. These relationships were interpreted to provide
a preliminary definition of the relative ages of each glacial
episode. Characteristics used to assign a relative age to similar
glaciogenic features or deposits are summarized in Tables 3-1 and
3-3.

A.1.2.2 - Field Studies

The field studies were designed to supplement and refine the
interpretations and conclusions derived from the analysis of aerial
photographs. The studies involved helicopter-supported low-level
aerial reconnaissance of morphostratigraphic unit contacts and
visual verification of glaciomorphologic evidence used to delineate
the morphostratigraphic units. Lithologic characteristics of
surficial deposits in natural exposures were identified during the
aerial reconnaissance. This identification was supplemented, where
needed and possible, by ground checking. Exposures with more
than one 11tho]ogic unit and of significance in stratigraphic
interpretation were measured and described to help define the
glacial chronology and history. Descriptions of the Tithologic
units included 1lithology, grain size, color, structure, texture,
other distinguishing characteristics, and unit thickness. Apparent
unit thickness was measured by tape and the slope angle was
measured by Brunton compass. The true thickness of the unit was
calculated from these data.
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During detailed ground study of the exposures, material suitable
for radiocarbon age dating was collected where possible. Relative
age (weathering) dating (referred to here as relative age dating)
studies were also conducted.

A.1.3 - Age Dating

A.1.3.1 - Radiocarbon Age Dating

To increase the confidence in the ages assigned to various units in
the Quaternary study region, selected samples collected from
surficial deposits were radiocarbon age dated. During the aerial
reconnaissance mapping and stratigraphic studies, exposures
were identified that had a high Tikelihood of containing dateable
material, i.e., lacustrine, deltaic, or glaciofluvial deposits.
From these exposures, 28 samples of carbonaceous wood and plant
material were collected. Of these 28 samples, 11 (at the 11
locations shown in Figure 3-2) were submitted to the Geochron
Laboratory of Cambridge, Massachusetts, to obtain radiocarbon age
dates. The results of the dating are summarized in Table 3-2.

The samples were collected in accordance with the guidelines and
theory described in Woodward-Clyde Consultants (1975). To prevent
contamination, samples were collected without hand contact and
were wrapped in aluminum foil. Samples were marked with a locality
designation and sample number (e.g., S34-1, as shown in Table 3-2
and Figure 3-2). Samples were dried and then wrapped in new foil
and placed in marked, self-sealing plastic bags.

A.1.3.2 - Relative Age Dating

The discontinuous nature of radiocarbon age dated glaciogenic
units and limited geologic exposures precluded continuous tracing
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of these units to ice-marginal end moraines. Dating of these
end moraines is important for understanding the age and extent of
glaciation and Quaternary surfaces because of the spatial limits
that end moraines place on glacial episodes. Quantitative and
qualitative relative age dating techniques were applied to lateral
moraine sequences in four key areas in the Quaternary study region
(Figures 3-2, 3-5, and 3-6). The relative age dating results
from these moraines were then compared to those from moraines that
were relatively and absolutely age dated in the Alaska Range by
Ten Brink and Waythomas (in press) and Werner (in press).

Relative age dating techniques measure variations in morphologic
and soil weathering characteristics in similar glaciogenic deposits
through time. The basic premise in all the relative age dating
techniques 1is that, with age, surface weathering and erosion
processes will alter and modify both the form of the moraine and
the till deposits within the moraine. The degree of alteration or
modification is a function of age. Therefore, if other weathering
parameters such as slope, drainage, or climate are similar for the
various moraines, then differences in the physical characteristics
between moraines can be used as an indicator of relative age.

Relative dating techniques and measurement procedures used in
this study were generally similar to those used by Ten Brink and
Waythomas (in press) in glacial geology studies of the Alaska
Range. Some modifications were made in these techniques and
procedures to provide the information in a manner consistent with
the scope of this investigation.

These modified techniques of Ten Brink and Waythomas (in press)
were used because of: the close proximity of the Quaternary study
region to the Alaska Range; the applicability of the technique to
the scope of this study; and the successful application of these



Woodward-Clyde Consultants

techniques in the Alaska Range (including the south flank of
the Alaska Range). The following discussion summarizes: the
procedures that were used for field measurements at each field
location; criteria that were followed for data collection; and the
modified techniques that were used.

Rock weathering characteristics were measured on coarse-grained
granitic rocks at the surface and near surface, and soil weathering
characteristics were measured in the near surface. At each field
location, these characteristics were measured at intervals along
the crest of lateral moraines for a distance of up to approximately
1,000 feet (312 m).

The following method was established for data collection: 1)
procedures were standardized for each relative-dating technique;
2) techniques were quantified as much as possible to minimize
operator-induced bias; 3) the sample size was selected to cover the
range of small-scale inhomogeneity of the rock and soil; 4) each
technique was performed by the same operator at all localities; and
5) compilation and comparison of data from separate areas was not
undertaken until all the data were collected.

Morphologic characteristics of lateral and end moraines that were
measured included: inner and outer slope angles; crest width;
local relief; and post-depositional modification. Comparison of
the results obtained from field locations during this study
showed that none of these characteristics were diagnostic in
differentiating age. Therefore, the data obtained on morphologic
characteristics are not presented here, but they are kept in the
project file.

Surface weathering characteristics that were measured included:
1) boulder frequency per 1,000 feet (312 m); 2) percent of boulder
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the weathered zone above the unaltered parent material. The
weathered zone contains iron minerals that are oxidized and stained
orange. This depth generally corresponds to a gradational or sharp
color break in the soil profile. Depths were measured by tape.
Table A-1 shows the range of depth of oxidation in the soil profile
exposed in five pits on each moraine for which measurements were
obtained.

A.1.4 - Interpretation of Six Subregions of the Quaternary Study
Region

The glacial chronology of the Quaternary study region is complex.
Unlike the systematic sequence of alpine glacial events on the
north side of the Alaska Range (Wahrhaftig, 1958; Ten Brink
and Ritter, 1980; Ten Brink and Waythomas, in press), repeated
convergant and multi-directional glacial flow occurred throughout
much of the Talkeetna Mountains. Glaciers from the south side of
the Alaska Range pushed southward through the areas of Butte Lake,
Deadman Creek, Brushkana Creek, and Watana Creek (Figure A-1)
to merge and coalesce in an intermountain basin with glaciers
flowing from ice centers in the higher elevations of the Talkeetna
Mountains. The intermountain basin includes the Watana site and
extends approximately 25 miles (40 km) to the southwest, 10 miles
(16 km) to the northeast, 3 miles (5 km) to the northwest; and
8 miles (13 km) to the southeast from the site (Figure A-1). It
includes the Susitna River area (near the Watana site), the Fog
Lakes area, the Stephan Lake area, the lower reaches of the Watana
Creek area, and the Deadman Creek area. The Susitna River bisects
the basin from east to west.

The Quaternary study region was divided intc six subregions
(Figure A-1) according to similarities in the physiography and
character of the glacial morphology within each subregion. The six
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subregions have been designated as: 1) Clear Valley-Fog Lakes;
2) Chunilna Plateau; 3) Portage Creek-Devils Canyon; 4) Tsusena
Creek-Deadman Creek; 5; Butte Lake-Brushkana Creek; and 6) Kosina
Creek-Black River. The four key areas discussed in Section 3.4

each 1lie within one of these subregions (Figure A-1).

The elevation, nature, and geographic extent of the glacial
features in the six subregions (including the four key areas) form
the basis for the delineation of Quaternary surfaces shown in
Figure 3-2. Within each subregion, the major glacial features
were identified. However, the scope of the study precluded
identification and mapping of many small glaciogenic features that

could alter or improve knowledge of the glacial geology.

Glacial episodes recognized in the subregions were assigned to the
following ages: pre-Hisconsin, Early Wisconsin, Late Wisconsin,
and Holocene. Assignment was made on the basis of relative and
radiocarbon age determinations, similarities in geographic and
elevational extent, comparison with similar chronologic sequences
in adjacent areas of southcentral Alaska, and professional judg-
ment. The following discussion describes the pre-Wisconsin,
Early Wisconsin, and Late Wisconsin glacial activity and surfaces
encountered in the Quaternary study region. Glacial activity
and surfaces of Holocene age are discussed only in a cursory
manner because the activity is generally restricted to higher
intermountain valleys and cirque areas. The Timited lacustrine and
fluvial (deposits) occur in the intermountain basin. Because of
their 1limited extent, these deposits, which are associated with
Holocene glaciation, were not considered a significant part of the
seismic geology evaluation,
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A.1.4.1 - Clear Valley-Fog Lakes Subregion

This subregion includes the southern portion of the intermountain
basin from the Susitna River on the north, southward to the Tal-
keetna River area (Figure A-1). The Clear Valley area, described
in Section 3.4.2, lies in this subregion (Figures A-1, 3-6B).

Much of the subregion is mantled by fluted ground moraine deposits
of inferred Late Wisconsin age. These deposits Tocally overlie
highly oxidized glaciofluvial outwash deposits and angular collu-
vial deposits that were radiocarbon age dated at greater than
27,000 y.b.p. (Sample S34-1 shown in Table 3-2 and Figure 3-2).
Oxidization of the outwash probably represents a major unconformity
during an interglacial period prior to the Late Wisconsin glacia-
tion,

Grooving on local bedrock nobs indicates that glaciers flowed to
the southwest and west. These glaciers were probably piedmont
glaciers that flowed through the intermountain basin in Early and
Late Wisconsin time.

Data from the Clear Valley area (Section 3.4.2) were interpreted to
show that the elevational limit of Early Wisconsin ice was at
3,100 to 3,300 feet (945 to 1,006 m) and the elevation Tlimit of
Late Wisconsin ice was at 2,500 to 2,700 feet (762 to 823 m). The
upper elevational 1imit for Early Wisconsin ice appears to decrease
from 3,100 to 3,300 feet (945 to 1,006 m) at Clear Valley to 2,900
to 3,100 feet (884 to 945 m) near the junction of the Talkeetna
River and Prairie Creek southwest of the Clear Valley area. The
evidence on which this conclusion is based includes trimlines,
side glacial channels, and end moraines. The elevational decrease
in the upper limit suggests that the ice surface for the Early
Wisconsin piedmont glacier, which flowed through the intermountain
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basin, sloped approximately 13 to 14 ft/mile (2.5 to 2.7 m/km) to
the southwest. The maximum elevation of Early Wisconsin glacial
features establishes that this glaciation was more extensive than
the Late Wisconsin glaciation.

The elevational 1imit of Late Wisconsin ice in the subregion is
indicated by prominent trimlines and morphologic contrasts between
2,500 and 2,700 feet (762 and 823 m) throughout the subregion. Ice
marginal lacustrine deposits that have not been overriden by
glacial ice are present at an elevation of 2,600 feet (793 m). The
maximum elevation of Late Wisconsin ice at this locality is,
therefore, limited to an altitude of 2,600 feet (793 m) or Tless.

Numerous ice-marginal features suggest that the piedmont glacier
continued to decrease in size throughout successive stades of the
Late Wisconsin glaciation in response to fluctuations in size
of individual valley glaciers that coalesced with the piedmont
glacier. Stephan Lake is presently dammed by a small moraine
representing the last stages of the Late Wisconsin piedmont glacier
as it retreated northward. The configuration and extents of
individual moraines that are estimated to be of the last stade
(Stade IV) of the Late Wisconsin stage, such as those in the Clear
Valley area, indicate that the valley glaciers did not coalesce but
were confined to individual valleys during the last stade of the
Late Wisconsin glaciation. Extensive ice-disintegration deposits
in the upper reaches of valley bottoms indicate rapid deglaciation
at the end of the Late Wisconsin.

A.1.4.2 - Chunilna Plateau Subregion

This subregion is predominantly a glaciated bedrock plateau above
3,000 feet (915 m) elevation located south of the Susitna River and
extending from the intermountain basin of the Clear Valley-fFog Lake
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subregion westward to the Gold Creek area on the Susitna River
(Figure A-1). Glacial grooving and other landform features
produced by ice scour are common. These ice-scoured features
suggest that ice flow was primarily to the west and southwest.
Major drainages in plateau margins have sharp V-shaped valleys
deeply incised into bedrock. This morphology suggests that
a fluvial environment has existed without interruption since
the glacial ice, which scoured the features, retreated from the
subregion.

Prominant trimlines, grooving orientation contrasts, surface
morphology differences, and side glacial channels on the margin of
the plateau all suggest an upper elevational 1limit to the Early
Wisconsin glaciation of 3,000 to 3,200 feet (915 to 976 m). The
Late Wisconsin ice limit 1is not expressed on the plateau but is
defined by ice-marginal features at Tower elevations in adjacent
subregions.

Scoured glacial features above 3,200 feet (976 m) indicate that the
plateau was overridden in an earlier glaciation. The age of the
earlier glaciation was not dated during this study but is estimated
to be pre-Wisconsin. This old glacial surface was overridden by a
younger glacial event in the Chunilna and Disappointment Creek
areas. Valley profiles are U-shaped and floored by glaciofluvial
sediments in the lower reaches. Grooving is oriented parallel to
the valley, rather than obliquely, as it is higher on the older
surfaces. The regional snowline as determined for the Wisconsinian
shown by Pewé’(1975) would suggest that the plateau elevations may
have been Jjust high enough for small valley glaciers to develop
during the Early Wisconsin stage and possibly the first stade of
the Late Wisconsin stage.
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A.1.4.3 - Portage Creek-Devils Canyon Subregion

This subregion 1is a topographical continuation of the Chunilna
Plateau subregion. The east-west trending Susitna River valley
separates the two subregions. The plateau north of the river
rises to merge with a major mountainous area in the northwestern
Talkeetna Mountains (Figures A-1 and 3-2). This mountainous area
was a major area of ice accumulation. Drainage from the mountains
is controlled by the regional northeast-southwest trending struc-
tural grain. The plateau is dissected by these southwest-trending
glaciated tributary valleys that drain to the Susitna River. These
drainages contrast with those of the Chunilna Plateau that have all
been cut by fluvial processes.

The elevational 1imit of pre-Wisconsin ice in this subregion
appears to be approximately 4,000 feet (1,219 m). Grooved and
beveled bedrock occurs up to at least 4,000 feet (1,219 m),
suggesting that the plateau was almost completely overridden by ice
during a pre-Wisconsin glacial episode. Later, less extensive,
glaciations left substantially larger areas of bedrock (at lower
elevations) above the glacier ice.

Markedly different surface weathering, trimlines, and the presence
of end moraines between 3,000 and 3,300 feet (915 and 1,006 m)
indicate that this elevation is the upper limit of Early Wisconsin
ice. Relative age dating results suggest that Early Wisconsin
ice formed prominent but very weathered-looking moraines at
3,000 to 3,200 feet (915 to 976 m) on the west side of the mountain
ridge separating the Susitna River and Chulitna River valleys. The
oxidation depth of 21 inches (53 cm) on the moraines is within
the range of pre-Late Wisconsin data obtained in the Alaska Range
and elsewhere in the Talkeetna Mountains (Table A-1).
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The Timits of Late Wisconsin ice are better defined than those of
earlier glaciations. Along the southern portion of the Susitna
River valley from Sherman Creek to Indian River (Figure 3-2),
pronounced grooving orientation contrasts, deflected drainages,
prominent trimlines, and kame terraces mark a sharp upper limit
to the Late Wisconsin glaciation at an elevation of 2,100 feet
(640 m). To the east through Devils Canyon, the upper limit
rises slowly 1in elevation. It Tlies between 2,100 and 2,200 feet
(640 and 671 m) at Portage Creek, as indicated by slope breaks,
fluting truncations on older surfaces, surface weathering con-
trasts, trimlines, and end moraines. Topographic contrasts and
side-glacial channels indicate an increase to 2,200 to 2,400 feet
(671 to 732 m) in the High Lake area; in the Devil Creek area,
trimelines, side-glacial channels, and surface weathering contrasts
suggest an increase to 2,400 to 2,600 feet (732 to 793 m).

The maximum Late Wisconsin limit at Devil Creek of 2,600 feet
(793 m) is similar to that found in the adjacent Clear Valley-
Fog Lakes subregion (Section A.1.4.1). This suggests that the
piedmont ice mass from the intermountain basin advanced through the
topographic constriction at the western bend of the Susitna River
(near Devil Creek) into Devils Canyon and merged with local valley
glaciers from the northeast. Ice marginal features suggest that
the ice was of sufficient extent for the piedmont and valley
glaciers to coalesce and override the Devils Canyon area only
during the first and possibly second stades of the Late Wisconsin
stage.

The piedmont glacier and valley glaciers did not merge during
later stades of the Late Wisconsin stage. In Portage Creek, the
extent of subtle, heavily vegetated moraines and corresponding
drainage profile changes indicate that the southwestern Timits of
glacial ice during Stade III and IV of the Late Wisconsin were
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4 and 6 miles (6 and 10 km), respectively, upstream from the
confluence of Portage Creek with the Susitna River. The valley
profile of Devil Creek indicates that the extent of Late Wisconsin
glacial stades in that creek was similar to the extent of stades in
Portage Creek.

The age of the Susitna River canyon, which cuts across the Quater-
nary study region, is difficult to estimate. Extensive river
terraces located in the Indian River area indicate that the Susitna
River and associated tributaries served as major outlets for
glacial meltwater and copious amounts of glacially derived sedi-
ments carried by the meltwater. The Susitna River at Devils Canyon
and many adjacent tributary canyons are bedrock gorges that are
500 to 600 feet (152 to 183 m) deep in some places. They do not
exhibit glacial modification in some areas that were clearly
overridden by Early Wisconsin and early Late Wisconsin ice (e.g.,
the Tower Portage Creek area). This suggests that the Devils
Canyon is younger than Stade II of the Late Wisconsin stage
(15,000 y.b.p). However, glaciofluvial outwash deposits Tlocated
near river level approximately 1.2 miles (2 km) south of Fog Creek
along the Susitna River were radiocarbon age dated by Terrestrial
Environmental Specialists (1981) at 37,000 y.b.p. The location of
these deposits suggests that the river canyon is at least 30,700
years old (i.e., the outwash sediments were deposited after the
canyon was cut).

The apparent discrepancy in canyon age may be caused by deposition
of older organic material from another (upstream) source into the
outwash deposits. These outwash deposits are in the area that
morphologically appears to have been glaciated until near the end
of the Late Wisconsin stage (Figure 3-2). Thus, older organic
material could have been reworked at this time.
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Elsewhere along the Susitna River valley, hanging tributary
drainages suggest rapid down-cutting by the Susitna River after
retreat of the Late Wisconsin Stade II ice, 15,000 y.b.p. Alter-
natively, Devils Canyon and other bedrock canyons along tributary
drainages could have been repeatedly filled and flushed during
glacial advances and retreats and, therefore, not greatly modified
by ice erosion. Following the second stade, individual valley
glaciers were confined between valley walls, and the piedmont ice
mass in the Stephan Lake area trough may have retreated north of
the Susitna River. Retreat and deglaciation near the end of
the Late Wisconsin stage would have produced large quantities
of sediment-loaded meltwater. Isotatic readjustments during
deglaciation and minor regional tectonic uplift may also have
assisted down-cutting by effectively lowering the base level.
River terraces adjacent to the Susitna River floodplain indicate
that at least 50 to 100 feet (15 to 30 m) of down-cutting occurred
during Holocene time.

A.1.4.4 - Tsusena Creek-Deadman Creek Subregion

This subregion forms the northern half of the intermountain
basin which is divided by the westward-flowing Susitna River
(Figure A-1). The Deadman Creek area, described in Section 3.4.4,
lies in this subregion (Figures A-1, 3-6B).

The elevation of the basin floor rises gradually to the north and
merges with major drainages and valleys that carried ice from the
Alaska Range in the Butte Lake-Brushkana Creek subregion. Ice from
the Alaska Range and the Talkeetna Mountains coalesced in the
basin. The extent to which the glaciers coalesced during each
glacial episode was different and was a function of the magnitude
of each glacial episode and the restrictions to glacial flow caused
by local topographic relief.
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Surficial glaciogenic units in this subregion are predominantly
hummocky ice-disintegration deposits and extensive lacustrine
deposits which contrast sharply with the surface morphology of
the south side of the Susitna River in the Stephan Lake-Fog Lakes
subregion (Figure A-1). Fluted ground moraine or beveled bedrock
outcrops are also present in the Tsusena Creek-Deadman Creek
subregion.

The geomorphology of the subregion and relative and radiocarbon age
dates from the deposits indicate that the sediments mantling the
subregion are Late Wisconsin in age. The generalized cross-section
(Figure 3-3) shows the stratigraphic relationships that were
interpreted from numerous measured exposures. Highly oxidized
outwash deposits overlie lacustrine deposits that are older than
37,000 y.b.p. (Sample S29-1, Table 3-2). The oxidized outwash
deposits are overlain by till which in turn is overlain by ice-
disintegration deposits. In the northern part of Watana Creek
valley, the till (which stratigraphically correlates with the til]
described above) is overlain by younger lacustrine deposits and by
glaciof luvial, deltaic, and ice disintegration deposits. These
latter deposits are in turn overlain by lacustrine deposits that
have a radiocarbon age date of 9,395 +200 y.b.p. (Sample S42-1,
Table 3-2). These younger sediments (shown in measured Sections C,
E, F, and G in Figure 3-3) date the last retreat of ice from the
basin and are interpreted to represent a sequence of northward
shrinking, retreating, and stagnating glacial ice that was debouch-
ing large amounts of meltwater and sediments toward the south.

Interpretation of relative age data for closely spaced lateral
moraines west of Deadman Creek (Figure 3-6B) indicates that the
elevational Tlimit of Early Wisconsin ice was at least 4,200 feet
(1,280 m) and that the limit of Late Wisconsin ice was 3,900 feet
(1,189 m).
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Local valley glaciers merged with glaciers from the Alaska Range
that advanced southward down Deadman, Watana, Brushkana, and Butte
Creeks during Early Wisconsin time and probably during early Late
Wisconsin time. The glaciers merged to produce a piedmont glacier
that filled the intermountain basin. During later stades of the
Late Wisconsin stage, Alaska Range glaciers were of insufficient
thickness to advance southward through the relatively high passes
at Deadman Creek, Brushkana Creek, and Butte Lake, but still
advanced southwestward through the northwest end of the Watana
Creek valley as discussed in Section A.l1.4.5. Northward-sloping
slopes of morainal crests DC-1 and DC-2 at Deadman Creek and a
concave southward arcuate terminal moraine (Figure 3-6B) at Big
Lake suggest that Tlocal valley glaciers from Tsusena Creek flowed
northward during later stades of the Late Wisconsin stage to fill
areas that were left free of ice by the limited southward advance
of Alaska Range glaciers.

The piedmont ice mass appears to have retreated north of the
Susitna River by the last stades of the Late Wisconsin stage.
Fluted ground moraine on the south side of the Susitna River
contrasts with extensive younger lacustrine and ice-disintegration
deposits on the north side. This contrast indicates ice was
present north of the river and absent to the south during this
time. The Tlower reaches of Watana Creek were dammed by ice
during the later stades of the Late Wisconsin stage, and extensive
lacustrine sediments were deposited in the Watana Creek area.
Ice stagnation and ablation during the last stades of the Late
Wisconsin stage caused large areas to be mantled with ice disin-
tegration deposits, particularly in topographic Tow areas.

Near the end of the Late Wisconsin stage, the Tsusena Creek-Clark
Creek valley glaciers extended southward into the Susitna River
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valley south of the mouth of Tsusena Creek and modified the valley
profile. Retreat and deglaciation produced hummoccky ice-disinte-
gration deposits north of Watana Camp near the Watana site.
Ice-disintegration deposits in lower Deadman Creek formed a low dam
that lasted well into the Holocene Epoch. The radiometric age
of the lacustrine sediments is 3,450 +170 y.b.p. (Sample S45-1,
Table 3-2). This date suggests that the lake existed at least
until this time, after which the stream profile was re-established

by down-cutting through the ice disintegration deposits.

A.1.4.5 - Butte Lake - Brushkana Creek Subregion

This subregion includes the northern ends of the major valleys that
drain southward and merge with the intermountain basin described
in the Clear Valley-Fog Lakes and Tsusena Creek-Deadman Creek
subregions (Section A.1.4.1 and A.1.4.4, respectively). The Butte
Lake area, described in Section 3.4.3, lies in this subregion
(Figures A-1, 3-6A).

Broad U-shaped valleys opening to the north and rounded topography
are characteristic of this subregion. This topography was caused
by extensive glacial scour and overridding by glaciers from
the Alaska Range. Drainage patterns and directions have been
altered by glacial erosion and deposition, Valley bottoms are
predominantly mantled by till, and upper valley walls are exten-
sively mantled by frost-shattered boulder fields and a type of
patterned ground called nonsorted stripes. The boulder fields and
nonsorted stripes formed in an ice-free periglacial environment.

Their lower limit marks the upper limit of younger ice.
Numerous moraines in the Butte Lake area (Figures 3-2 and 3-6A) are

interpreted to represent repeated southward glacial advances by
Alaska Range glaciers. On the basis of morphologic contrasts and
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relative age data (Table A-1), moraines at elevation 4,100 feet
(1,250 m) and above are considered to be probably Early Wisconsin
in age. The maximum elevation of Early Wisconsin ice may be marked
by prominent trimlines at elevation 4,200 to 4,300 feet (1,280 to
1,311 m) that correspond to the Tower limit of the extensive
frost-shattered boulder fields. The surface morphology above
elevation 4,300 feet (1,311 m) includes rounded topography,
erosional features suggestive of glacial scour, and glacial
erratics. This surface morphology indicates a pre-Wisconsin
glaciation above elevation 4,300 feet (1,311 m).

The configuration and elevation of the moraines in the Butte
Lake area suggest that only ice of the Early Wisconsin stage and
Stade 1 of the Late Wisconsin stage was thick enough to advance
southwestward through the passes of Brushkana Creek (at elevation
3,250 feet [991 m]) and Deadman Creek (at elevation 3,350 feet
[1,021 m]) to merge in the intermountain basin with valley glaciers
from the Talkeetna Mountains. Ice thickness during later stades
was insufficient to allow ice to flow through the passes.

Elevations of the Late Wisconsin end moraines suggest that as many
as nine individual end moraines of Late Wisconsin age are present
in the Butte Lake area. The moraines have been tentatively grouped
into four distinct Late Wisconsin stades according to clustering
of end moraines, breaks in slope, kettle-frequency contrast, and
surface-morphology contrasts (Figure 3-6A). These stades and their
maximum elevation are: Stade 1, 3,900 feet (1,189 m); Stade 2,
3,600 to 3,800 feet (1,098 to 1,159 m); Stade 3, 3,200 to 3,300
feet (976 to 1,006 m); Stade 4, 3,000 to 3,100 feet (915 to 945 m).

Most evidence at the Butte Lake-Brushkana Creek subregion supports

a maximum elevation of 3,800 to 3,900 feet (1,159 to 1,189 m) for
Late Wisconsin ice. Prominent trimlines at 3,800 to 3,900 feet
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(1,159 to 1,189 m) at Butte Lake are consistent in elevation
with the upper 1imit of Late Wisconsin moraines in lower Deadman
Creek (Section A.1.4.4). Some apparently contradictory evidence
was found 1in Brushkana Creek where surficial lacustrine/deltaic
deposits at elevation 3,000 feet (915 m) are older than 37,000
y.b.p. (Sampie S12-2, Table 3-2). The age of the sediments suggest
that they were deposited before Late Wisconsin time. Because the
deposits have not been overridden, the maximum e]evétion of Early
Wisconsin ice would have been at 3,000 feet (915 m) or less rather
than 3,900 feet (1,189 m). Instead, the deposits are probably from
the late stade of the Late Wisconsin substage deposited as Alaska
Range glaciers retreated northward. The organic material may have
been reworked from an older deposit into a Late Wisconsin ice

marginal lake.

In contrast to Brushkana and Deadman Valleys, where the passes are
higher than elevation 3,250 feet (991 m), the upper Watana Creek
valley drainage divide is at elevation 2,850 feet (869 m). The
lower elevation of this divide allowed Late Wisconsin ice of
Stades 11, III, and IV to advance through the Watana Creek valley
into the intermountain basin where it coalesced with ice from local
Talkeetna Mountain sources. This was the only route in the
subregion along which glacial ice from the Alaska Range was able to
advance into the intermountain basin following Stade I of the Late
Wisconsin stage. Lacustrine deposits dated at 9,395 +200 y.b.p.
(Sample S42-1, Table 3-2) just south of ice disintegration deposits
in the northeast part of the Watana Creek valley (Figure 3-2) date
the 1last retreat of Alaska Range ice from the Watana Creek valley
area. During retreat northward, meltwater and sediment formed
extensive deltaic, outwash, and Tacustrine sediments in lower

Watana Creek.
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A.1.4.6 - Kosina Creek - Black River Subregion

This broad undulating bedrock platform south of the Susitna River
in the eastern Talkeetna Mountains merges indistinguishably with
the adjacent Copper River basin to the east. Three morphologically
distinctive, glacially scoured topographic surfaces have been
beveled into the platform by succeedingly less extensive glacia-
tions (Figure 3-2). The Black River area, as described in Section
3.4.1, Ties in this subregion (Figures A-1 and 3-5A).

An extensive glaciation of suggested Early Wisconsin age spread out
over the platform. Side glacial channels, moraines, and discordant
topography suggest an upper limit to this glaciation between 3,550
to 3,750 feet (1,082 to 1,143 m). A more extensive pre-Wisconsin
glaciation above 3,750 feet (1,143 m) is indicated by rounded
topography, glacial debris, and erosional features.

The distinction between Early and Late Wisconsin glaciations has
been made on the basis of morphology and elevation of moraines,
by relative age data from the Black River moraines (Tables A-1
and 3-3), and on the basis of valley morphology. The youngest or
Late Wisconsin glaciation deeply incised and modified preexisting
valleys and deposited four Late Wisconsin end moraines in the upper
valleys of Tsisi Creek, Kosina Creek, and Black River. The maximum
northward extent of the Late Wisconsin ice in the Black River
area is identified by the arcuate termination of the uppermost
lTateral moraine (BR-3 on Table A-1), approximately 6 to 7 miles
(10 to 11 km) south of the Susitna River. Downstream from the
front of the maximum ice extent, the head of a sharp V-shaped
fluvial-cut canyon also suggests the northernmost advance of ice in
Black River. Similar morphology and configuration of end moraines
in the Tsisi and Kosina Creek area suggest a similar order of
magnitude for the extent of Late Wisconsin glacial events in
this subregion.
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Near the confluence of the Oshetna and Black Rivers (Figure A-1),
conflicting radiocarbon age dates were collected during this
study and by Terrestrial Environmental Specialists (1981). These
differing dates have led to contrasting interpretations of the
glacial history in this subregion. Within the exposure at this
location, till interfingers with highly deformed lacustrine
sediments. A wood sample (S47-4) obtained from the Tlacustrine
deposits during this study provided a radiocarbon age date of
>37,000 y.b.p. (Table 3-2). The relationship of the till to the
lacustrine deposits and the radiocarbon age date suggest that the
ti1l is Early Wisconsin in age. In addition to these data, the
extent of moraines and the relative age dating studies of these
moraines in the Black River valley suggest that Late Wisconsin ice
did not advance into the Susitna River west of the Copper River
basin in the subregion (Figure 3-2).

Terrestrial Environmental Specialists (1981) obtained a radiocarbon
age date for the same till unit, but somewhat higher in the
stratigraphic section than the sample described above. This date
was 24,900 +3,125 y.b.p. Terrestrial Environmental Specialists
(1981) interpreted the sediments to be recessional ice-contact
drift that was deposited by Late Wisconsin glacial ice.

This difference in the age of glacial surfaces in the eastern
Talkeetna Mountains does not affect the interpreted age and extent
of glacial surfaces in the vicinity of the Project sites. It does,
however, point out the difficulty in interpreting the age and
extent of glacial deposits where glaciers from different sources
and different ages converge.
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A.2 - Radiometric Age Dating

A.2.1 - Radiocarbon Age Dating

Radiocarbon age dates were obtained from 11 samples collected in
the Quaternary study region (Figure 3-2). The dates measured by
Geochron Laboratory are presented in Table 3-2. The procedures
used to collect, store, and transport the samples are described in
Section A.1.3.1., These procedures were in accordance with those
described in Woodward-Clyde Consultants (1975).

A.2.2 - Potassium-Argon Age Dating

Whole rock potassium-argon age dates were obtained for three
samples of andesite collected in the vicinity of the Talkeetna
thrust fault. The purpose of obtaining the dates was to limit
the area in which the fault is present upriver from the Watana
site.

The Tocations from which the samples were collected are shown in
Figure A-1. The procedures used to collect the samples were in
accordance with those described in Woodward-Clyde Consultants
(1975).

Analyses of the samples were conducted by Dr. Kenneth A. Foland at
the Potassium-Argon Laboratory at Ohio State University. In
addition to the whole rock age dates, thin sections were prepared
of the samples, and petrographic descriptions of the thin sections
were made. The results of the age dating are summarized in
Table A-2. The procedures used to conduct the age dating and the
thin section analysis are discussed in the following paragraphs.
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A.2.2.1 - Sample Preparation

Samples for whole-rock dates were prepared from the hand-samples
provided. Each sample was first trimmed of weathered rind using a
rock saw with water as a cutting fluid. After drying, the trimmed
sample was crushed with a jaw crusher and then was ground with a
disc grinder. The ground rock was separated into size fractions by
sieving with nested sieves on a Ro-Tap shaker. The size fraction
falling between #40 and #60 U.S. standard sieve sizes was used for
analyses. Prior to analysis, the #40 and #60 fraction was washed
with water to remove adhering dust and with dilute hydrochloric
acid (HC1l) to remove undesirable carbonates. The procedure was:
10% HCl wash; reagent acetone wash; reagent ethanol wash; and,
triplicate wash with doubly-distilled water. Each sample was then
dried in an oven at 80°C.

A.2.2.2 - Argon Analysis

The concentrations of argon were determined by isotope dilution.
The sample was fused by induction heating in a molybdenum crucible
in a high vacuum system at pressures less than 5x10-7 torr. An
38Ar tracer was added from a reservoir-gas pipette metering
system. Argon was purified using hot Cu0 and Ti gettering. The
purified argon was isotopically analyzed using a 6-inch gas mass
spectrometer, Nuclide Corp. model SGA-6-60, operated in the static
mode on line with a Hewlett Packard minicomputer.

A.2.2.3 - Potassium Analysis

Potassium concentrations were analyzed by flame photometry using an
Instrument Laboratory Model 443 Flame Photometer with a lithium
internal standard. Rock samples were fused as 850°C with lithium
metaborate which serves as a flux and internal standard. The fused
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samples were then dissolved in a 4% HNCO3 solution. The resulting
solutions were then diluted and analyzed for potassium on the flame
photometer which was calibrated with gravimetric standards.

A.2.2.4 - Age Calculation and Uncertainties

The averages of repetitive analyses were used to calculate K-Ar
whole-rock dates using the following constants:

40K = 1.167x10~2 atom % of K
Ae = 0.581x10-10 -1
AB = 4.962x10-10 -1
Atotal = 5.543x10-10 -1

H

(40Ar/36Ar) in air = 295.5

The quoted age uncertainties refliect only analytical uncertainties
and make no provision for those in the accepted and recommended
above constants. Also, the quoted uncertainties do not reflect any
"geological error,” such as failure of the rock systems to behave
as ideal systems. The K and Ar calibrations were checked by
analyzing interlaboratory mineral standards.

A.2.2.5 - Petrographic Analyses

Thin sections were prepared for each sample along the marked
orientation (if indicated). Two sections were prepared for each
sample to ensure a representative petrographic description. The
sections were studied with standard petrographic microscopes.
Microphotographs were taken of the thin sections.
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A.3 - Field Mapping

Geologic data were collected by aerial reconnaissance from helicopters
and fixed-wing aircraft, interpretation of aerial photographs, and study
of approximately 300 locations on the ground. Photographs were taken

during these activities to document the aerial appearance of features.

The observed geomorphology, Tlithology, and geologic structure were
described using methods described in geologic field texts such as
Compton (1962). The orientation of features were measured with Brunton
compasses. Samples were collected for later reference and comparison of

rock types at different locations.

Ground locations were assigned outcrop location designations based on
the first letter of the name of the geologist making the observation and
on the consecutive number of the observations. For example, outcrop
locations studied by Phillip Birkhahn have designations such as B-32,
B-33, etc. Closely spaced observations were given the designation
B-32A, B-32B, etc., as needed. Samples were labeled with the outcrop
location designation and a number (for example, B-32-1, B-32-2, etc.).

Photography was done with 35 mm single-lens reflex, 35 mm rangefinder,
and color and black-and-white Polaroid cameras. The rolls for the 1981
study were numbered consecutively beginning with S-200. The types of
£ilm used were: Kodachrome 64, Ektachrome 200, Plus-x pan, Polaroid
Type 108, and Ektachrome near-infrared.

The geologic data collected were recorded in field books (J.L. Carling
Corporation Field Book No. 350). The field Tocations of these data were
plotted on U.S. Geological Survey maps at a scale of 1:63,380 and
1:24,000 on aerial photographs. Aerial photograph interpretations were
marked on clear mylar overlays. Where appropriate, geologic maps were
produced of selected areas using the data obtained.
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The geologic data and photographs were also recorded on the following
forms: Remote sensing Tineament worksheet (SHP-4), Fault and lineament
data summary sheet (SHP-3), Field observation documentation sheet
(SHP-6), Photo 1log (SHP-7), Fault and lineament photo log (SHP-8),
and Fault and lineament index sheet (SHP-5). The use of these forms
is described in Appendix A of the Interim Report (Woodward-Clyde
Consultants, 1980b), and copies of the forms are provided.

The data are on file in Woodward-Clyde Consultants office at Santa Ana,
California, as follows: field locations and outcrops described in field
notebooks; maps of the field locations plotted on a single set of
1:63,380-scale maps; photographs, slides, and negatives; field maps; and
air-photo overlays.

A.4 - Trench Logging Methods

Trench Togging and photography were conducted by Woodward-Clyde Consul-
tants in three trenches excavated within 26 miles (41 km) of either
site. Two of the trenches, Treches T-1 and T-2, were excavated across
or near the Talkeetna thrust fault (Figures 4-11 and 4-7, respectively).
One trench was excavated near the Susitna feature (Figure 4-17). The
purpose of the logging and photograpy of these two trenches was to
document the presence or absence of faults with recent displacement.

The trench logs which document the evidence of no fault displacement
in the trenches are presented as Figures 4-12 and 4-18. Selected
photographs of the trenches are presented as Figures 4-13, 4-14,
and 4-19.

Interpretation of the stratigrahic relationships shown in the trench
logs 1is presented in Section 4. The original trench logs and photo-
graphs of the trenches are in the Project file at Woodward-Clyde
Consultants, Santa Ana, California.
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The three trenches were excavated by R & M Consultants of Anchorage,
Alaska. A track mounted John Deer 350 backhoe with a 0.07 cubic yard
(0.05 m3) bucket was then used to excavate the trench; subsequent to
excavation, the trenches were shored using hydraulic aluminum shoring.

Also subsequent to excavation, one of the trench walls was selected for
logging; the southwest wall was selected primarily because of lighting
restrictions imposed by the spoils pile on the northeast wall. Hori-
zontal and vertical control lines were then established. The horizontal
control 1line (level 1line) was established using three strand nylon
string and a K& hand level or Stanley string level. After nailing the
level line to the trench wall, horizontal distances were measured using
100-foot Keson plastic coated cloth tapes. The stationing system was
established and recorded in feet southeast or northwest of the point
where trench logging commenced, Vertical distances relative to the
level line were measured using a standard six-foot wood carpenter's
rule.

Following placement of the level line, the trench wall was cleared using
a variety of techniques. A mason's hammer or a pick-axe was used to
remove smear and slough material. A stiff-bristled brush or paint
brush was used to clean and enhance stratigraphic relationships in sand
and gravel deposits. In some instances the trench wall could not be
prepared adequately for logging due to deep water and trench wall
failures. These parts of the trenches were well away from the scarps
and thus do not affect the conclusions regarding scarp origin.

After the trench wall was prepared for logging, stratigraphic relation-
ships were documented by recording the relationships on trench logs and
photographing the trench walls. Selected stratigrpahic units were
logged to document the absence of fault displacement in the trench and
to document stratigraphic relationships encountered in the trench.
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Trench logging procedures and results were reviewed upon completion of
the trench logging by Woodward-Clyde Consultants' project review team.
Representatives of Acres and the Alaska Power Authority also examined
the trenches.

In order to effectively log and display observed stratigraphic relation-
ships, trench logs were drawn at a scale of 1 inch equal to five feet
vertically and horizontally. Previous experience in logging trenches
has demonstrated that this scale best portrays the observed strati-
graphic relationships and adequately displays potentially significant
features. For publication in this report, the trench logs were reduced
to a scale of one inch equal to approximately ten feet vertically
and horizontally (Figures 4-12 and 4-18).

The stratigraphic relationships were documented photographically with 35
millimeter SLR cameras equipped both with 35 millimeter 1.4 lenses and
haze filters and with 50 millimeter 1.8 lenses and haze filters.
Ektachrome film (ASA rating of 200) was used for color photography and
Tri-X Panchromatic film (ASA rating of 400) was used for black-and-white
photography.

An electronic flash was often used as a fill-in to illuminate the trench
walls while photographing the exposed stratigrahic units. Photographs
were taken at various spacings depending on trench width. After some
experimentation, six-foot centers were selected to provide adequate
photographic coverage without sacrificing necessary detail. This
spacing also permitted relatively rapid photographic documentation of
the trench wall. Locally, where the trench walls were narrow, or where
the trench was deepened to expose significant features, photographs were
taken on smaller centers. Generally, three-foot centers provided

adequate coverage in these areas.
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A.5 - Geophysical Studies

Geophysical studies in support of the geological portion of the investi-
gation were undertaken during the summer field season of 1981. The
objectives of these studies were to Tocate and delineate the subsurface
trace of the Talkeetna thrust fault and possible sources of the Susitna
feature and Feature KD5-3 (discussed in Section 4.4). Geophysical lines
were conducted in areas believed to have faults or possible faults in
order to confirm their extent, direction, and sense of movement.
The techniques selected for use were seismic refraction and magnetic
surveys. The scope of work consisted of the following tasks:

a) An evaluation of potential geophysical line sites to determine
which method or methods would be most effective at each site.

b) A survey of the sites using the selected technique(s).

c) Interpretation and evaluation of the data to locate the desired
faults and features.

A.5.1 - Field Operations

Thirteen geophysical profiles were obtained in the project region.
The following sections cover the methods and equipment used.

A.5.1.1 - Seismic Refraction Measurements

Seismic refraction measurements were obtained on one line across
the buried trace of the Talkeetna thrust fault near Fog Creek
using a GeoMetrics model ES-1210F twelve-channel signal enhancement
seismograph. The signal enhancement feature allows the signal-

to-noise ratio of a low-energy source to be improved by adding
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together 5 to 15 source inputs whose waveforms are consistent and
therefore add, while noise being random tends to cancel out.

The source used for this survey consisted of 1 to 6 pound charges
of ANFO. Triggering was obtained directly from the blaster. The
seismic refraction lines were recorded using a 100 foot (30 m)
geophone spacing except for the outside geophones which were
moved inward 50 feet (15 m). The source locations were 50 feet
(15 m) off each end of the line and midway in the line. Terrain
constraints often caused some minor variations from the 1ine of the
survey and the geophone spacing.

Geophone and source locations were cleared of vegetation and
soft surface material. Geophones were firmly planted away from
disturbing influences such as tree roots, moving water, and wind
disturbance.

A.5.1.2 - Magnetometer Measurements

The magnetometer readings were obtained along 12 profiles across
the Talkeetna thrust fault, the Susitna feature, and Feature KD5-3
with a GeoMetrics Model G-816 portable proton magnetometer. This
instrument measures the total magnetic field of the earth with an
accuracy of 1 gamma under optimum conditions.

A base station was established at an accessible and magnetically
stable point near each profile. Repeated readings were made at the
base station in order to establish the diurnal variation in the
earth's magnetic field during the survey period. Additional base
stations were estahlished on the longer profiles in order to
minimize travel time. Stations were repeated when high diurnal
drift rates occurred. Each station value was obtained by averaging
the readings taken at four sites in a 10-foot (3-m) radius circle

A - 33




Woodward-Clyde Consultants

around the station. Measurements were made every 200 feet (61 m)

on all profiles except those at Talkeetna Hill where a 50 foot
(15 m) spacing was used.

A.5.2 - Data Reduction and Interpretive Procedures

This section discusses the reduction procedures required to
prepare the data for interpretation and describes the interpre-
tative techniques utilized. Selected profiles are presented in
Section 4. Originals of all profiles are in the Project file of
Woodward-Clyde Consultants, Santa Ana, California.

A.5.2.1 - Seismic Refraction Measurements

The arrival times of the seismic waves were plotted for each shot
to produce a continuous time-distance profile for the seismic
line. The profile was interpreted using a two-layer model with
lateral velocity variations. The velocities were obtained from
the slopes of the plotted data. The depth to the second layer and
lateral variations in the mcdel were determined by using ray
theory, as discussed in any basic geophysics text.

A.5.2.2 - Magnetometer Measurements

The plotted magnetic field values represent the average values
at each station after correcting for diurnal variation. The
unaveraged values at each station usually fall within a ten-gamma
range. The diurnal variation was obtained from the plot of base
station values as a function of time.

No attempt was made to correct for topographic effects. Where
such effects do occur, they are noted in the discussions of the
individual profiles.

A - 34




Woodward-Clyde Consultants

Qualitative interpretations of the profiles are provided. Quanti-
tative interpretation is not appropriate for the data obtained.
Two features of the data are used for interpretation: the spatial
frequency and the amplitude of the magnetic variations. A change
in either characteristic implies a change in subsurface character
which may be fault related.

A.6 - Low-Sun-Angle Aerial Photography

An aerial photographic survey of a 36 square-mile (100 km2) area
centered on each site and of a three-mile- (5-km-) wide strip along the
Talkeetna thrust fault and Susitna feature was flown by Air Photo Tech
of Anchorage, Alaska. The survey was made during May 1982. The survey
was specially designed to emphasize the presence of faults with recent
displacement.

The photographs were taken from a Piper Aztec aircraft at an elevation
of 12,000 feet (3,630 m) above the terrain. The camera used was a Zeiss
Jena MRB 15/2323 having a focal length of 6 inches (15.3 cm). The film
was exposed using a Kodak Wratten number 12 filter. The film used was
a 9.4 dinch (24 cm) Eastman Kodak Aerochrome Infrared 2443 having an
effective aerial film speed (AFS) of 40 daylight. Approximately 220
images were obtained at a scale of 1:24,000 and were printed on a 9 inch
by 9 inch (23 cm by 23 cm) format as one set of positive transparencies
and one set of Cibachrome prints. These are in the Project file at
Woodward-Clyde Consultants, Santa Ana, California.

The photographs were taken when the angle of the sun above the horizon
was 10° to 25°. The grazing angle of the sunlight enhanced the appear-
ance of small topographic features such as fault scarps. Infrared
film was used to enhance the appearance of any vegetation Tlineaments
that might mark the Tlocation of a fault. Infrarec film provides an
exceptionally strong contrast between different types of vegetation.
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A.7 - Earthquake Recurrence Calculations

The average recurrence interval of an earthquake is the average time
between earthquakes of a given magnitude. Recurrence intervals are
often obtained from field evidence of individual earthquakes that caused
surface faulting and that left some permanent record to be interpreted
by geologists. When direct geologic evidence cannot be obtained as
evidence of recurrence interval, slip rates can be useful in estimating
recurrence intervals based on theoretical seismology.

The recurrence calculations are primarily based on the magnitude-
frequency relationship presented by Richter (1958):

logN=a-bM................. Eguation A-1
where N = the number of earthquakes of magnitude M and larger
occurring within a defined time interval for a group of
faults or area of the earth's surface containing a
group of faults;
a and b = empirical constants;
and M = magnitude.

Use of this relationship leads to numerical estimates for return
period (recurrence) as a function of magnitude for that area of earth's
surface.

Because faults are the sources of earthquakes, it is considered reason-
able to apply the magnitude-frequency relationship to individual faults,
although significant uncertainites exist in how the relationship is
related to single faults. The uncertainty stems largely from a lack of
historical data to verify the theoretical model. For example, from
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the data available, it appears that the frequency of occurrence of
earthquakes of a specific magnitude on a fault is highly variable and
may be related to cyclic periods of activity and inactivity lasting many
tens to hundreds of years. Thus, the geologic and historical data
available in California for the past 50 to 180 years may provide
evidence of consistency with a recurrence model, but they do not provide
a basis for constructing the model.

An alternative to estimating recurrence intervals based on the magni-
tude-frequency relationship alone is to refine that estimate by incor-
porating geologic data into the calculation. If it is true that the
total energy released by a fault in the form of earthquakes is related
to the net offset occurring along the fault for the same time period,
then the magnitude-frequency relationship can be adjusted to a single
fault by using the slip rate of the fault. The measure of earthquake
energy per event is often expressed in terms of moment, M,:

Mg = d-A*H" . ... .. ... ... ......Equation A-2

where d = the average slip per event occurring within a fault rupture

area (A);

=
1]

the fault rupture area;

the shear modulus.

]

and U

Dividing this equation by a time period gives the rate of energy release
(moment rate) for that period as a function of the average slip rate.

The assumptions made for the analysis of recurrence intervals are:

1)  The total moment rate on a fault is given by the product of the
area of the fault, the slip rate, and shear modulus.
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2) A1l of the displacement is considered to occur seismically.

3) The magnitude-frequency relationship is considered to be linear
with an assumed slope (b) of - 0.85 up to the maximum magnitude
assigned to the fault. This slope is selected to be appropriate
for the southern Alaska tectonic setting and seismicity.

Using these assumptions, we have calculated the recurrence intervals for
possible earthquakes on the Castle Mountain and Denali faults with a
slip rate of 0.5 and 1.0 cm/yr, respectively, for a possible maximum
magnitude of 7.5 and 8.0, respectively. For each fault, the area of
the fault is the product of MCE (maximum credible earthquake) rupture
length and width from Table 7-1. The shear modulus was assumed to be
3x1011dyne/cm2.

Anderson's method (1979) was used to calculate the "a" values for the
maximum magnitude selected. Using the calculated "a" value and the
assumed "b" value, we calculated the numbers of earthquakes expected
annually within one-half magnitude ranges. The inverse of each of these
numbers is the recurrence interval of earthquakes within the respec-
tive magnitude ranges. It is important to note that the recurrence
intervals presented here represent a mathematical distribution within a
half-earthquake magnitude range.

Using the above method, a magnitude (Mg) 7-1/4 to 7-3/4 event may be
expected to recur on the Castle Mountain fault at an average rate of
235 years. A magnitude (Mg) 7-3/4 to 8-1/4 event may be expected to
recur on the Denali fault at an average rate of 290 years.
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TABLE A-1

RELATIVE AGE DATA IN THE TALKEETNA MOUNTAINS AND ALASKA RANGE

Granite Weathering

Study Station Ratio Depth of Interpreted
Area Numberl %Partially Oxidation Age?
%ZFresh  Weathered %Weathered {(inches)

A. TALKEETNA MOUNTAINS3

Black BR-1 54 38 8 11 to 14 Late
River BR-2 52 40 8 11 to 13 Wisconsin
BR-3 50 42 8 15 to 17
BR-4 42 32 26 21 to 22 Early
Wisconsin
Clear CL-2 ND4 ND ND 15 to 24 Late
Valley CL-4 ND ND ND 11 to 12 Wisconsin
CL-6 ND ND ND 13 to 14
CL-8 ND ND ND 26 to 30 Early
CL-10 ND ND ND 29 Wisconsin
CL-12 64 30 6 35 to 40
Butte BL-25 50 32 18 11 to 16 Late
Lake BL-3 62 30 8 8 to 10 Wisconsin
BL-4 58 32 10 10 to 12
BL-5 50 38 12 10 to 12
BL-6 53 35 12 10 to 12
BL-7 39 37 24 14 to 17 Early
BL-8 20 56 24 29 Wisconsin
Deadman DC-1 46 40 14 10 Late
Creek DC-2 52 38 10 7 to9 Wisconsin
DC-3 50 40 10 8.5 to 12 '
DC-4 52 38 10 11 to 12
DC-5 40 40 20 17.5 to 18 Early
Wisconsin
B. ALASKA RANGES
Stade 38 60 2 6 to 13 10,500 to
MP- IV 9,500 y.b.p.
Stade 58 42 0 15.5 to 17 12,800 to
- 1
McKinley MP-TI1 11,800 y.b.p.
Park Stade 50 a6 4 10 to 17.5 15,000 to
Glaciation MP-II 13,500 y.b.p.
Stade 28 66 ) 11 to 19 25,000 to
MP- I 17,000 y.b.p.
Pre-Stade 16 66 18 17.5 to 35 >25,000 y.b.p.
MP-1
Notes:
1. The locations of moraines are shown in Figures 3-5 and 3-6.
2. Interpreted age as estimated from photogeologic interpretation (Section A.1.2.1).
3. Data obtained during this investigation.
4. ND indicates that no data were obtained at this location because the rock types

were primarily metamorphic and volcanic and because the few observed granitic
rocks were transported to this location after deposition of the moraine.

The surface of the moraine was slightly disturbed by man-made activities.

Age determinations are from Ten Brink and Waythomas (in press); weathering data
are from Werner (in press).
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TABLE A-?

SUMMARY OF POTASSIUM-ARGON WHOLE ROCK AGE DATES

Calculated age3
K2 40/'\‘“rad 40Arrad (millions of years
Sample No.l (wt. %) (x1011mo1/q) 40Artot before present)

W-1 0.207
0.206 3.333 0.386
0.205 3.293 0.422
0.205
Average: 0.206 3.313 90.2 (+2.3)
W-4 0.199
0.193 4.535 0.622
0.194 4.538 0.654
0.1%
Average: 0.194 4.536 130 (+3)
Notes:

1. Sample locations are shown in Figure A-1.

2. K is potassium, Ar is argon.

3. Uncertainties are given at the 68% confidence level and reflect
analytical uncertainties of +2% in K and +1.5% in radiogenic 40Ar,

4., Analyses were conducted by K. A. Foland, Ohio State University.
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APPENDIX B - GLOSSARY

Ablation Til1l Loosely consolidated rock debris, formerly
contained by a glacier, that accumulated in
place as the surface ice was removed by
ablation.

Aleutian Megathrust The major collision boundary between the
Pacific and North American plates where the
Pacific plate is descending into the earth's
mantle.

Allochthonous Formed or occurring elsewhere than in place;
of foreign origin or introduced.

ATluvium A general term for all sediment deposited in
land environments by streams.

Amygdaloidal Gas cavities in igneous rocks that have been
filled with secondary minerals such as
quartz, calcite, chalcedony, or zeolite.

Andesite A type of volcanic rock that is believed to
be associated with plate subduction.

Anelasticity The effect of attenuation of a seismic wave;

it is symbolized by Q.

Aseismic An area of generally low seismicity that can
have tectonic deformation which is not
accompanied by earthquakes.
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Autochthonous Formed or occurring in the place where found;
used for a rock or sediment derived in the

s e i s

place where it is now found.

Batholith A large, generally discordant mass of
igneous rock which was intruded originally at
depth and now has more than 40 square miles
(104 km2) in surface exposure. It is
composed predominantly of medium to coarse
grained rocks, often of granodiorite com-
position.

Benioff zone Seismicity associated with plates of the
earth's crust which are sinking into the
upper mantle. In Alaska, the Benioff zone is
associated with underthrusting of the Pacific
plate beneath the North American plate.

Candidate Feature A term used in this study to identify faults
and Tineaments that may affect Project design
considerations. Candidate features were
selected by applying length-distance screen-
ing criteria prior to field reconnaissance

studies.
Candidate Significant A term used in this study to identify faulis
Feature and lineaments that may affect Project design

considerations based on Tlength-distance
screening criteria and a preliminary assess-
ment of seismic source potential and poten-
tial surface rupture through either site
using the results of the field reconnaissance
studies.
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Cataclastic The granular fragmental texture induced in
rocks by mechanical crushing.

Cirque A steep-walled, flat- or gently-floored,
half-bowl-like recess or hollow, situated
high on the side of a mountain and produced
by erosive activity of mountain glaciers; it
is commonly found at the head of a glacial
valley.

Consanguineous The relationship that exists between igneous
rocks that are presumably derived from the
same parent magma.

Crag and Tail An elongate hill or ridge resulting from
glaciation. The crag is a steep face or knob
of ice-smoothed, resistant bedrock at the end
of the ridge from which glacial ice came.
The tail is a tapering, streamlined, gentle
slope of intact weaker rock and/or till that
was protected in part from the glacial ice by
the crag.

Cryoturbation A term to describe the stirring, churning,
modification, and all other disturbances of
soil resulting from frost action.

Dextral Fault A strike-slip fault along which, in plan
view, the side opposite the observer appears
to have moved to the right.

Drift A1l rock material transported by a glacier
and deposited directly by the ice or by
me ltwater from the glacier.
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Ductile A rock that is able to sustain, under a given
set of conditions, 5 to 10 percent deforma-
tion before fracturing or faulting.

Dynamometamorphism The alteration of rock characteristics
primarily by mechanical energy (pressure and
movement ).

End Moraine A ridge of glacial sediments deposited at the

margins of an actively flowing glacier.

Fault A surface or zone of closely spaced fractures
along which materials on one side have been
displaced with respect to those on the other

side.
Fault with Recent As defined for this study, a fault that has
Displacement been subject to displacement within approxi-

mately the last 100,000 years.

Flysch A thick and extensive deposit Tlargely of
sandstone that is formed in a marine environ-
ment (geosyncline) adjacent to a rising

. mountain belt.

Geosyncline A mobile downwarping of the crust of the
earth, either elongate or basin-like,
that is subsiding as sedimentary and volcanic
rocks accumulate to thicknesses of thousands
of meters. Geosynclines are usually measured
in scores of kilometers.
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Glacial Erratic A rock fragment carried by glacier ice or
floating ice, and deposited when the ice
melted at some distance from the outcrop from
which the fragment was derived.

Glacial Scour The eroding action of a glacier.

Glaciogenic Deposits or topographic forms derived from
a glacial origin.

Gouge Soft clayey material often present between a
vein and a wall or along a fault.

Hypocenter That point within the earth that is the
center of an earthguake and the origin of its
elastic waves.

Ice Pulses Small advances of ice associated with a minor
decrease in temperature during interglacial

periods.

Intercalated A material that exists as a layer or Tlayers
between layers or beds of other rock; inter-
stratified.

Kame A short ridge, hill, or mound of poorly
stratified sediments deposited by glacial
meltwater.

Kettle A steep-sided, usually basin- or bowl-shaped

hole or depression without surface drainage
in glacial deposits.
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Klippe An outlying isolated remnant of an overthrust
rock mass.
Lee The side of a hill, knob, or prominent rock

facing away from the direction from which an
advancing glacier or ice sheet moved; facing
the downstream side of a glacier.

Lineament A linear trend with implied structural
control (including but not limited to frac-
tures and faults) typically identified on
remotely sensed data.

Lit-par-Tit Having the characteristic of a layered rock,
the Tlayers of which have been penetrated by
numerous thin, roughly parallel sheets of
igneous material.

Lodgment Till A basal till commonly characterized by
compact fissile structure and containing
stones oriented with their long axes gen-
erally parallel to the direction of idce
movement.

Magnitude Magnitude is used to measure the size of
instrumentally recorded -earthquakes.
Several magnitude scales are in common usage
(Richter, 1958). The differences in these
magnitudes are caused by the way in which
they are each calculated, specifically, by
the periods (freguency) of the waves which
are used in each measurement. M_ is the
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original Richter magnitude which was devel-
oped for Southern California earthguakes
recorded on Wood-Anderson seismometers (free
period 0.8 second) at distances of 372 miles
(600 km) or less. Mg and my use signals
recorded at teleseismic distances of 1,240
miles (2,000 km) or greater. Mg measures
the amplitude of surface waves with periods
of 20 seconds and the my is a measure of
the 1 second body waves. M, depends on the
seismic moment according to the relation log
Wog = 1.5 M, + 11.8. The variations in
the magnitude calculations result in part
because different size earthquakes generate
relatively different amounts of energy in
these frequency bands.

Metabasalt Volcanic rock (basalt) altered by temperature
and pressure to a metamorphic rock.

Microearthquake An earthquake having a magnitude (M) of
three or less on the Richter scale; it is
generally not felt.

Migmatite A rock (gneiss) produced by the injection of
igneous material between the laminae of a
schistose formation.

Miogeosyncline A geosyncline in which volcanism is not
associated with sedimentation.

Modified Mercalli Scale An earthquake intensity scale, having twelve
divisions ranging from I (not felt by people)
to XII (damage nearly total).

B -7




Woodward-Clyde Consultants

Morphostratigraphic A distinct stratigraphic unit comprising a
body of rock that is identified primarily
from the surface form it displays.

Noncomf ormity A substantial hiatus in the geologic record
that typically implies uplift and erosion.
The gap occurs between older igneous or
metamorphic rocks and younger sedimentary
rocks.

Nonsorted Stripes Alternating bands comprising a form of
patterned ground characterized by a striped
pattern and nonsorted appearance due to
parallel lines of frost-shattered rubble and
intervening strips of relatively bare or
vegetated ground.

Normal Fault A fault along which the upper (hanging) wall

has moved down relative to the lower wall
(footwall).

Periglacial Describing processes, conditions, areas,
climate, and topographic features at the
immediate margins of former or existing
glaciers; influenced by the cold temperature
of the ice.

Pluton An igneous intrusion formed at great depth.




Woodward-Clyde Consultants

Potassium-Argon A type of age dating that is based on the

Age Dating decay rate of potassium-40 (an isotope of
potassium) to argon-40. It is useful for
dating rocks rich in potassium and is
applicable for dating materials that are
generally older than 100,000 year.

Pyroclastic Formed by fragmentation as a result of a
volcanic explosion or aerial expulsion from a
volcanic vent.

Rejuvenation Renewed downcutting by a stream caused by

regional uplift or a drop in sea level.

Reservoir-Induced The phenomenon of earth movement and resul-

Seismicity tant seismicity that has a temporal and
spatial relationship to a reservoir and is
triggered by nontectonic stress.

Reverse Fault A fault in which the upper (hanging) wall
appears to have moved up relative to the
Tower wall (footwall).

Seismic Moment Measurement of the "size" of an earthquake
equal to the rupture area times the average
displacement times the shear modulus.

Significant Feature A term used in this study to identify the
faults and Tlineaments that are considered to
have a potential affect on Project design
considerations pending additional studies.
Selection of these features was made on the
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basis of length-distance screening criteria
and final assessment of their seismic source
potential and potential for surface rupture
through either site using the results of the
field reconnaissance studies.

STickensides A polished and smoothly striated surface that
results from friction during movement along a
fault plane.

Solifluction The slow (0.2 to 2 inches/yr [0.5 to b5
cm/yr]) creeping of wet soil and other
saturated fragmental material down a slope,
especially the flow initiated by frost action
and augmented by meltwater from alternate
freezing and thawing of snow and ground
ice.

Stade A substage of a glacial stage; time repre-
sented by glacial deposits.

Stoss The side or slope of a hill, knob, or
prominent rock facing the direction from
which an advancing glacier or ice sheet
moved; facing the upstream side of a glacier.

Stoss and Lee An arrangement, in a strongly glaciated area,
Topography of small hills or prominent rocks having
gentle slopes on the stoss side, and somewhat

steeper, plucked slopes on the lee side.
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Stratovolcano A volcano composed of explosively erupted
cinders and ash interbedded with occasional
lava flows.

Time stratigraphic A subdivision of rocks considered solely
as the record of a specific interval of
geologic time.

Whaleback A small hill or hillock with a curved surface
that is the result of abrasion by glacial
ice. The resulting hillock has a smooth form
resembling a whale's back.
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