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1 - INTRODUCTION

1.1 - General

The Susitna Hydroelectric Project is located within the upper reaches
of the Susitna River basin in south-central Alaska (Figure 1.1). The
feasibility studies for hydroelectric development were performed by
Acres American Incorporated (Acres) under contract to the Alaska Power
Authority (The Power Authority).

The overall objectives of the study were:

~ To determine technical, economic and financial feasibility of the
Susitna Hydroelectric PrOJect to meet the future power needs of the
Railbelt Region of the state of Alaska;

- To examine the environmental consequences of constructing the Susitna
Hydroelectric Project;

- To file a license application with the Federal Energy Regulatory Com-
mission (FERC) should the project be deemed feasible.

As part of the Plan of Study (POS), a geotechnical exploration program
(Task 5) was undertaken at the proposed project locations at Watana and
Devil Canyon. The purpose of this report is to present a detailed des-
cription of the geologic and geotechnical conditions at these sites.

1.2 - Project Description and Location

The Watana and Devil Canyon sites had been previously identified by the
U.S. Army Corps of Engineers (COE) and the U.S. Bureau of Reclamation
(USBR) over a period of years from 1952 to 1979.

The scheme calls for a large embankment dam with an underground power-
house ‘at :Watana and a high conc¢rete dam with underground powerhouse at
the Devil Canyon site. General site arrangements are shown in Figures
1-2 and 1.3-

The area of study is located within the Coastal Trough Province of
south-central Alaska, with a drainage of approximately 6,000 square
miles. The-Susitna River is glacier-fed, with headwaters on the south-
ern slope of the Alaska Range. From its proglacial channel in the
Alaska Range, the Susitna River passes first through a broad, glaci-
ated, intermontane valley of knob and kettle and braided channel topo-
graphy. Swinging westward along the edge of the Copper River lowlands,
it enters the deep U-shaped valleys which include the proposed dam-
sites, winding through the Talkeetna Mountains until it emerges into a
broad glacial valley leading to Cook Inlet near Anchorage.

1-1




The Watana site is located at approximately river mile 184 between
Tsusena and Deadman Creeks. The Watana damsite is located in a rela-
tively broad U-shaped valley rising in steps, with a steep lower por-
tion breaking into somewhat flatter slopes and becoming much gentler
near the top. Access to the lower sections is limited by vertical rock
outcrops. Gravel bars, some of which are quite wide, are exposed in
the river bed during low water flows. The river at this site is
approximately 500 feet wide and is relatively turbulent and swift flow-
ing.

The Devil Canyon site is located on the Susitna River 14 miles upstream
from the Alaskan Railroad, 140 miles north of Anchorage, and 160 miles
south of Fairbanks. The site is located at approximate river mile 152
(32 river miles downstream from the Watana site). At the Devil Canyon
site, the river enters a very narrow "V"-shaped gorge about two miles
in length with steep walls up to 600 feet high. The damsite is several
hundred feet downstream from the entrance of Devil Canyon. The valley
is generally asymmetrical in shape, with the north abutment sloping at
about 45° and the south abutment steeper, about 70°. The south abut-
ment displays overhanging cliffs and detached blocks of rock. The
north abutment is somewhat less rugged in the upper half, the Tlower
portion is very steep. Access at river level is very limited, but nar-
row benches are accessible at low water levels. The Susitna River in
Devil Canyon is approximately 150 feet wide and very turbulent. The
canyon itself is approximately 1,000 feet wide at the proposed dam
crest elevation.

1.3 - Plan of Study

(a) Objectives

The objectives of the Task 5 studies were to determine the surface
and subsurface geology and geotechnical conditions for the feasi-
bility of:

A Tlarge rockfill dam, underground powerhouse, and associated
structures at Watana site;

A concrete dam with underground powerhouse and associated struc-
tures at Devil Canyon site;

Transmission line to connect the proposed development with the
existing power grid system; and

Access roads to the proposed develapment.

(b) Scope
The task was subdivided into a series of subtasks to meet the

overall abjectives. The subtasks and their corresponding objec-
tives were:

1-2
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5.01 -

5.02 ~

5.03 -

5.04 -

5.05 -

5.06 -

Subtask

Data Collection
and Review

Airphoto
Interpretation

Exploratory Program
Design (1980)

Exploratory Program
(1980)

Exploratory Program
Design (1981)

Exploratory Program

(1981)

1-3

Objectives

To collect and review all existing
geological and geotechnical data
pertaining to the project includ-
ing the access road and transmis-
sion Tline corridors and the upper
Susitna River basin.

Perform airphoto interpretation
and terrain analysis of the Watana
and Devil Canyon damsite area,
reservoir areas, borrow sites and
access road, and transmission line
corridors, and identify adverse
geological features and geotechni-
cal conditions that could signifi-
cantly affect the design and con-
struction of project structures.

Design the geotechnical explora-
tory investigation programs for
1980 for Watana and Devil Canyon
damsites, dam construction materi-
als, and reservoir areas, and
along the access road route.

Perform initial surface and sub-
surface program investigations at
Watana and Devil Canyon sites and
reservoir areas and access road
routes to establish general and
specific geological and foundation
conditions.

Design the geotechnical explora-
tory -investigation program for
1981 for Watana and Devil Canyon
damsites, dam construction materi-
als and reservoir areas, and for
the selected access road and
transmission line routes.

Complete surface and subsurface
investigations at Watana and Devil
Canyon damsites, reservoir areas,
access roads, and transmission
line routes to the extent neces-
sary to provide adequate data to
confirm project feasibility and

“for submission of FERC Tlicense

application, currently scheduled
for September 1982.




5.07 - Exploratory Program Design of the geotechnical explor-
Design (1982-1984) atory investigation program for
1982 to 1984 to obtain basic
design data for Watana damsite,
dam construction materials, and
reservoir areas, and for the sel-
ected access road and transmission
line routes.

5.08 - Data Compilation Assemble all geotechnical explora-
tory data into documents suitable
for inclusion in relevant project
reports and licensing documenta-
tion.

(c) Approach

To meet the objectives of the task in an orderly and timely man-
ner, the geotechnical exploratory programs were divided into three
stages: the 1980 activities, the 1981 activities, and the activi-
ties during and after 1982 (after the FERC license application is
submitted). The 1980 geotechnical activities were planned to
identify and investigate in limited detail, those geological and
geotechnical conditions which had been identified by previous
studies that may have an effect on the feasibility of the project.
These activities included Subtasks 5.01 through 5.04.

Subtasks 5.05 through 5.08 were undertaken during 1981 and early
1982, respectively. Under these activities, a more detailed study
was made of those geological and geotechnical conditions identi-
fied during the 1980 studies as warranting further investigation.
The 1981 program also included the investigation for the access
roads and the transmission lines. These data were subsequently
inputs into other task activities for final presentation.

It should be noted that the findings and conclusions presented in
this report are based on a limited scope of geotechnical investi-
gation and that more detailed investigations will be undertaken in
the subsequent phases of the project.

1.4 - Report Contents

This Geotechnical Report is presented in seven sections. A summary and
preliminary conclusions of the studies are presented in Section 2; a
review of previous work undertaken by the COE, USBR, and others is pre-
sented in Section 3; a preliminary assessment of regional geology is in
Section 4; the scope of the 1980-81 geotechnical exploration program is
presented in Section b5; and the results of the study in Sections 6 and
/. A comprehensive bibliography of geotechnical information for the
site area was compiled during Subtask 5.01 and is presented in Appendix
A. Detailed results of drilling, testing, seismic refraction surveys,

s
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airphoto interpretation and reservoir mapping performed during the pro-
ject are included in Appendices B through K. Engineering significance
and application of the data developed in Task 5 and presented in this
report have been addressed in the Susitna Feasibility Report (1). This
study, therefore, stands as a referenced document to that report.

1.5 - Acknowledgements.

Some material presented in this report has been obtained from reports
previously published by the USBR and others. The cooperation of the
COE in providing access to records and data and opinions on interpreta-
tion is gratefully acknowledged.

Drilling at the sites was performed by The Drilling Company (TDC) and
Interstate Exploration, Inc., under the direct supervision and direc-
tion of Acres staff and R&M Consultants, Anchorage, Alaska. Seismic
refraction surveys were performed by Woodward-Ciyde Consultants. In-
hole geophysical logging work was by EDCON (Exploration Data Consul-
tants, Inc., of Denver, Colorado). Airphoto interpretation was done by
R&M Consultants, and laboratory testing by R&M and Acres.

Logistical support during field activities was provided by KNIK/ADC -
Joint Venture under its subcontract with Cook Inlet Region, Inc./Holmes
& Narver, Inc., and Acres for camp accommodations, and by Akland Heli-
copters, ERA Helicopters, Air Logistics, Inc., also under subcontract
with Acres, for personnel and equipment transportation requirements.

The results of these activities were presented to the Acres External
Review Panel (Dr. R. Peck, Dr. S. Hendron, Mr. M. Copen), to the Power
Authority, and to the Power Authority Review Board Members {Dr. H. Seed
and Dr. A. Merritt) during technical meetings and discussions. Acres
is very grateful for their critical and very objective review of the
information. Thanks are due to Mr. L. A. Rivard for his contributions
to Subtask 5.02 - Airphoto Interpretation.
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2 - SUMMARY AND CONCLUSIONS

2.1 - Introduction

The following subsections present the main findings and conclusions of
the 1980-81 geotechnical study for the Watana and Devil Canyon sites.

2.2 - Watana Site

(a) Results of Study

Bedrock at the damsite is a large granitic pluton consisting of
a quartz diorite, diorite and granodiorite. An andesite por-
phyry, an extrusive volcanic rock, is exposed immediately down-
stream from the damsite.

Where mapped and drilled, the contact between the diorite and
andesite is generally a highly fractured, weathered, poor qual-
ity rock. The contact zone ranges from 2 to 15 feet, but is gen-
erally less than 10 feet.

Two major and two minor joint sets were mapped at the damsite.
These are in the order of most to least pronounced: (a) strike
320°, dip near vertical; (b) strike 045°-080°, dip near verti-
cal; (c) strike 340°-030°, with dips between 40° east to 65°
west; and (d) strike 080° with low angles of dip.

Two pronounced sheared and highly fractured zones named "The
Fins" and "Fingerbuster" have been mapped immediately upstream
and downstream from the damsite.

Small localized fractured, sheared, and altered zones have been
mapped within the damsite. These zones average up to 10 feet
wide. No evidence of recent faulting was found.

A Targe altered and sheared zone up to 300 feet wide was mapped
on the upper left abutment of the main dam.

The riverbed is filled with alluvium consisting of gravels,
cobbles, and boulders in a matrix of sand and silty sand ranging
from 40 to 80 feet, and may exceed 100 feet in depth in places.

Overburden thickness at the damsite is generally shallow ranging
from 50 to 60 feet on the upper abutment to O on the steeper
rock slopes. Overburden generally consists of glacially derived
silts, sands, and boulders and talus.

2-1
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Rock quality at the damsite is good to excellent with average
rock quality designations (RQDs) ranging from 75 to 90 percent.
Below the upper 20 to 40 feet of weathered rock, rock quality
tends to improve.

Rock strengths are high with an average unconfined compressive
strength greater than 20,000 psi.

The rock mags has, in general, a low permeability with an aver-
age of 10°° cm/sec below the weathered zones. Higher perm-
eabilities are found in the more highly fractured and sheared
zones.

Groundwater at the damsite is a subdued replica of the topo-
graphy. Groundwater table on the right abutment is deep, on the
average of 110 to 280 feet. Groundwater conditions on the left
abutment are complicated by the apparent deep and continuous
permafrost. A perched groundwater table exists on top of the
permafrost. Artesian conditions were encountered at depth on
this abutment within the thick alteration zone beneath the perm-
afrost.

Permafrost appears to be continuous in the bedrock throughout
the left abutment, reaching a depth of 200 to 300 feet. Al-
though no permafrost was encountered on the right abutment,
localized sporadic permafrost may be present.

A relict channel exists on the right abutment extending from
Deadman Creek to Tsusena Creek. The thalweg reaches Elevation
1,800 (400 feet below maximum pool elevation). The width of the
relict channel at the upstream face is about 15,000 feet. In-
vestigations in and adjacent to the channel show that it is
filled with a sequence of alluvial materials overlain by a se-
quence of glaciofluvial silts, sands and clays. The average
hydraulic gradient through the channel at maximum reservoir
level is estimated to be approximately- 10 percent. The perme-
abilities within the channel are variable with high permeabili-
ties in the coarser bouldery strata and lower permeabilities in
the river silts, clays, and lacustrine deposits. Perched water
tables, aquicludes and localized permafrost exist throughout the
channel.

Bedrock surface drops below the maximum pool elevation on the
left bank approximately 2 miles upstream from the damsite in the
area of Fog Lakes. Based on seismic velocity measurements, bed-
rock was estimaed to be below reservoir level over a distance of
approximately 9,500 feet. The nearest drainage from this area
is Fog Creek, a distance of 5 miles southwest from the reser-
voir.



- The riverbed is filled with alluvium consisting of gravels, cob-
bles, and boulders in a matrix of sand and silty sand ranging
from 40 to 80 feet, and may exceed 100 feet in depth in places.

- Ten potential borrow and quarry sites were identified for poten-
tial construction material. Several of these sites, which had
been delineated in previous studies, were eliminated from fur-
ther consideration because of Tlengthy haul distances, more
locally available material, or insufficient volume. Those sites
considered as primary borrow and quarry sources are:

. Rock fill - Quarry Site A;

. Impervious and semi-pervious material - Borrow Sites D and H;
. Pervious material - Borrow Sites E and I, and

. Construction gravel and fill - Borrow Site F.

- Areas of existing and potential slope instability and erosion,
as well as areas of permafrost were delineated within the Watana
reservoir.

Conclusions

Based on these findings, the following conclusions regarding the
Watana site can be made:

- No geologic or geotechnical conditions were found to affect the
feasibility of an embankment dam at the site.

- The significant geologic features “The Fins" and "Fingerbuster"
are considered unsuitable rock for construction of surface and
underground facilities and should be avoided if at all pos-
sible.

- Subsurface exploration at the damsite shows that rock quality on
the right abutment is suitable for the construction of Targe
underground facilities. Localized sheared, fractured, and
altered zones are likely to be encountered during underground
excavation; however, it is considered that these features are of
limited extent and could be handled by conventional construction
procedures. ~

- There is an altered and fractured zone on the left abutment

downstream from the main dam. Any structure sited on this zone
would incur high costs for excavation and treatment.

- Although localized zones of sheared and fractured rock were en-

countered in all borings, no evidence of major faulting was
found in either the riverbed or within the damsite area.
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Further investigations of the material within the relict channel
will be required to accurately define its properties, strati-
graphy, permeability, and extent of permafrost for the purpose
of assessing potential reservoir seepage and behavior under
earthquake conditions.

Suitable types and adequate amounts of borrow and quarry materi-
al were found near the damsite.

Although local slumps and landslides will probably occur in many
areas of the reservoir, there appear to be no potentially large
lands1ides which might pose a threat to the dam.

2.3 - Devil Canyon

(a)

Results of Study

The following geologic and geotechnical conditions have been iden-
tified at the Devil Canyon site:

The proposed damsite is underlain by a metamorphic argillite and
graywacke rock.

The bedrock has been intruded by a series of mafic and felsic
dikes which crosscut the damsite. The contacts of the dikes
with the host rock are welded with some secondary localized
shearing or fracturing occurring at or near the contact.

Two major and two minor joint sets have been mapped in the dam-
site area. These are, in the order of most to Teast pronounced:
(a) strike 340°, dip near vertical; (b) strike 020° to 100°, dip
from 55° southeast to 75° north; (c) strike 060° to 080°, dip to
northwest; and (d) strike northeast to east with low angle dips.
Average joint spacing for the most prominent set is 1.5 to 2
feet.

Localized sheared and fractured zones ranging from 1 to 3 feet
wide have been mapped at the damsite.

A highly sheared and fractured zone was found to parallel the
river beneath the proposed saddle dam on the left abutment. A
boring through this feature encountered breccia and gouge up to
3 feet wide. The east-west extent of this feature could not be
accurately determined; however, based on surface topography, it
is estimated to be no greater than 1,500 feet long.

Stress relief joints were mapped up to 100 feet back from the
damsite gorge walls on the left abutment.
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A marked drop off in bedrock elevation was noted in previous in=-
vestigations along the eastern portion of Borrow Site G approxi-
mately 1,000 feet upstream from the damsite. Land access res-
trictions imposed during this study prohibited any further in-
vestigation at this feature. Work, however, performed in proxi-
mity to this area showed no compelling evidence for this feature
to be a fault.

Minor fractures and shear zones were encountered in several of
the boreholes in the river; however, these were limited in ex-
tent and could not be correlated between borings. No indication
was found of faulting beneath the river or of recent faulting
anywhere at the damsite.

Rock quality at the damsite was good to excellent with an over-
all RQD greater than 80 percent.

Rock strengths are high, averaging approximately 20,000 psi.

Rock permeabilities are Tlow, ranging from 1 x 1074 to 1 «x
107% cm/sec with the Tlower permeabilities occurring 1in the
more highly fractured and sheared zones.

Based on preliminary data, groundwater levels appear to be vari-
able across the site, principally controlled by the degree of
fracturing within the rock mass. Readings in boreholes and pie-
zometers show water levels range from near surface above the
break in slope to as deep as 120 feet on the north abutment.

No permafrost was found in the main damsite area.

Borrow Site G, located approximately 1,000 feet upstream from
the damsite, has been identified as the principal source for
concrete aggregate and fill material. Quarry Site K, located on
the left bank downstream from the damsite, has been identified
as the principal source for rockfill; and Borrow Site D, adja-
cent to the Watana site, has been identified as the principal
source for impervious and semi-pervious material.

Conclusions

Based on these findings, the following conclusions have been made
regarding the Devil Canyon site:

No geologic or geotechnical conditions were found at the Devil
Canyon damsite that would adversely affect feasibility for the
construction of a concrete arch dam.
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Rock quality was considered suitable for the construction of
underground power facilities, including a powerhouse and related
structures.

Localized sheared and fractured rock is Tikely to be encountered
during underground excavation; it is considered that these fea-
tures are of limited extent and could be handled by conventional
construction procedures.

Suitable types and guantities of borrow material have been iden-
tified for this study for dam construction.

The abrupt drop-off in bedrock east of the damsite beneath Bor-
row Site G, as well as the shear and fracture zones beneath the
saddle dams, will require additional investigation in subsequent
phases of study. However, these features are not expected to
have an impact on site feasibility.

Although no permafrost was found during explorations, sporadic
permafrost may exist at the site.

There are no known areas that could result in significant leak-
age or slope instability in the reservoir.
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3 - REVIEW OF PREVIOUS INVESTIGATIONS

3.1 - Introduction

The development of the Susitna Hydroelectric Project has been studied
by several federal and private agencies in the last 30 years. However,
it was not until the late 1950s that any geotechnical investigations
were conducted.

Between June 1957 and August 1958, the USBR performed geologic mapping
and drilling investigations at the Devil Canyon site and limited geo-
logic mapping at the Watana site (51).

Subsequently, during the 1970s, the COE performed additional investiga-
tions at both sites. These included seismic refraction surveys at
Devil Canyon, and detailed geologic mapping, seismic refraction survey,
diamond and auger drilling, and material testing at the damsite and po-
tential borrow sites at Watana.

This report briefly discusses the findings of these investigations as
documented by the USBR and COE. These reports, which are identified in
the bibliography (Appendix A), are available from the Power Authority
and Acres for reference.

3.2 - Watana

The preliminary reconnaissance work by the USBR in the 1950s was ex-
panded during the 1970s by the COE investigations of the damsite,
reservoir, and potential borrow sites. The location and extent of the
investigations in the main dam area are shown in Figure 5.1. Detailed
investigations in the borrow sites are presented in Section 6.3.

In 1975, a total of 22,500 linear feet of seismic refraction surveys
was performed by Dames & Moore (12) for the COE in their initial feasi-
bility report. This was expanded by Shannon & Wilson (39) in 1978 with
an additional 47,665 feet of survey. This work served to support the
results of the drilling and mapping programs (Figure 5.1).

During the 1978 season, the site was explored with 28 diamond and ro-
tary drill holes (both vertical and inclined) ranging from 30 to 600
feet in length (Table 3.1). Six of the diamond drill holes were locat-
ed in the river bottom and reached a maximum of 520 feet into rock.
Five borings were drilled on the left abutment and six on the right,
reaching a maximum depth of 300 feet or an elevation of 1560. On the
right bank, eleven boreholes were located in what was identified as a
deep, relict channel to determine the thickness and characteristics of
the overburden, the depth of the water table, and the permafrost condi-
tions. These boreholes were also designed to obtain samples of poten-
tial borrow materials and to evaluate bedrock depth to control spillway
location.
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A total of six potential quarry and borrow sites were identified for
construction material. Of these, four borrow sites were explored with
27 backhoed test pits and 24 auger borings (Tables 3.2 to 3.3). These
areas included Borrow Site D on the right abutment, Borrow Site E To-
cated approximately 15,000 feet downstream from the dam, and Borrow
Site F located on Tsusena Creek three miles upstream from its conflu-
ence with the Susitna River (Section 6.3).

Geologic mapping was conducted in the damsite area to delineate major
structural features.

A Timited laboratory testing program was conducted on potential borrow
material from the various borrow sites to establish the indexes and
engineering characteristics of the borrow materials. These tests in-
cluded determination of grain size distribution, permeability, triaxial
shear tests, Modified Proctor compaction tests, concrete aggregate
tests, and petrographic analyses (46,48).

The COE also installed a series of ten open-well piezometers and thir-
teen temperature-logging casings in boreholes.

3.3 - Devil Canyon

The bulk of the previous geotechnical investigation for Devil Canyon
was performed by the USBR between June 1957 and August 1958 (51) as
shown in Figures 5.2 and 7.22. A total of 21 diamond drill borings
were drilled in the damsite area. Six holes, drilled to depth of 50 to
110 feet were located on the left abutment. Four holes were drilled
near the dam axis on the upper abutment to a maximum depth of 150 feet.
The remaining 12 boreholes were drilled along the riverbed (Table
3.4).

Fourteen test pits were dug in the alluvial fan and terrace deposits
immediately upstream from the dam axis (Table 3.5).

Four rock benches were excavated on the dam abutments to define rock
conditions.

Laboratory tests, including gradation determinations and petrographic
analysis, were conducted on samples of the borrow site materials to
determine their suitability for use as concrete aggregate. Representa-
tive rock samples from the abutments were examined petrographically to
determine mineralogy and tested to determine compressive strength,
elasticity, absorption, and porosity of the foundation material.

During 1978, Shannon & Wilson (39), under COE contract, ran three seis-
mic refraction Tines totalling 3,300 feet in the borrow site and along
the proposed saddle dam to expand the drilling information (Figures 5.2
and 7.22). This survey, along with sampling of the alluvial fan mater-
ial, was the only work COE performed at the site during their 1978-1979
investigation.

)

Ty



:;: - :r:’[:i

B

[

Y Y T

Y

3.4 - Conclusions

The 1nvestigat10ns conducted by the COE and USBR were the first detail-
ed efforts to establish the feasibility of the project. A brief sum-
mary of their investigation is stated below:

(a) Watana

Based on the COE work, the Watana site was found suitable for an
earthfilled dam. The following is a brief summary of the COE's
findings and conclusions relative to the site geotechnical condi-
tions:

(1)

(4)

(5)

The river valley is filled with alluvium consisting of
gravels, cobbles, and boulders in a matrix of sand or silty
sand ranging in depth from 40 to 80 feet thick, and may be
exceeding 100 feet 1in places. Overburden on the valley
slopes ranges from 0 to 60 feet thick with an average of 10
to 20 feet.

Underlying bedrock is fresh, hard-to-very hard diorite, gran-
odiorite, and quartz diorite with local andesite porphyry
dikes and more widely scattered minor felsite dikes.

Fractures are closely spaced on the surface becoming more
widely spaced with depth. Deep fractures are generally heal-
ed.

The prominent jointing and shearing direction 1is northwest
trending with steep dips. Many fractures have thin clay
gouge seams and slickensides.

No major fault or significant change in material was found
beneath the river.

Andesite porphyry, an extrusive rock, was mapped slightly
downstream from the damsite on the left abutment. The con-
tact between this rock and the diorite was not defined.

Two prominent shear zones named "The Fins" and "Fingerbuster"
were mapped as exposures in the damsite area. Both of these
zones trend northwest with strikes from 300° to 320° and dip
between 70° to 90° southwest and northeast.

A relict channel was found on the right abutment upstream
from the damsite. Material in the channel consists of a mix-
ture of glacial tills, glaciofluvial and lacustrine deposits,
reaching a depth greater than 450 feet deep at its deepest
known point.
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(9)
(10)

(11)

(12)

(13)

Deep permafrost was found on the left abutment.

Permafrost in the relict channel, although found within one
foot of the surface, is expected to be confined to a rela-
tively shallow layer.

Geology within the reservoir is complex and consists of vari-
able thicknesses of surficial tills; glaciofluvial outwash;
lacustrine material; and alluvium overlying igneous and meta-
morphic rocks, schists, volcanics, and granites.

Potentially suitable borrow material was found near the dam
site. Material from Borrow Site D on the right abutment was
classified as semi-pervious to impervious core material.
Material from Borrow Site E from the alluvial deposit down-
stream from the dam axis was identified as a potential source
for clean aggregate and filter material.

Two potential quarry sites were identified as sources of
rockfill, riprap, and coarse filter materials. The rock in
both sites was classified as diorite and of good quality.

Devil Canyon

The previous investigations suggested that the Devil Canyon site
would be feasible for the construction of a high concrete gravity
or thin arch dam with an underground powerhouse. A brief summary
of the geotechnical conditions found by the USBR and COE are high-
lighted below.

(1)

(2)

(3)

(4)
(5)

(6)

Bedrock at the site 1is an argillite with occasional beds of
graywacke. The rock is hard and brittle and contains numer-
ous quartz stringers.

Stratigraphy strikes approximately east-west with a dip of
45° to 75° south. Three joint sets were defined with the
master set striking approximately 335° and dipping from 75°
east to vertical. Joint spacing ranges about 4 to 5 feet
apart.

Several well-developed shears or fault zones occur on both
sides of the river and strike generally 335° and dip 80°
northeast to vertical.

No permafrost was found at the damsite.

Shearing was found both normal and parallel to the canyon rim
on the south abutment.

Large detached blocks of rock up to 25 feet by 50 feet were
observed on the left abutment.
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(7)

(8)

(9)
(10)

(11)

(12)

A deep, buried channel was found striking approximately east-
west beneath the lake-filled depression on the south abut-
ment. This depression may be underlain by a fault or shear
zone. .

River alluvium and water depth appears to be approximately 85
feet deep at the site.

No faulting was found beneath the river.

Rock conditions were considered suitable for underground ex-
cavations.

The alluvial fan upstream from the site was found to contain
acceptable borrow material for concrete aggregate.

Seismic refraction shows an unexplained steep siope of the
bedrock surface beneath the alluvial fan. This drop-off
occurs over a horizontal distance of approximately 500 feet.
This depth to bedrock increases (from west to east) from 100
feet to 350 feet.



TABLE 3.1:

SUMMARY BF PREVIOUS INVESTIGATIONS - ‘WATANA DAMSITE

Hole
‘Number |

Surface
Elevat ion

Total ]
Depth (ft)

Bedrock {(ft)’
(Downhole)

‘Date

Drilled

Thermistor

Plezometer

Type

Reading Dates

f

Reading Dates !

Water Level
(Vertical)(ft)

DH-1
DH-2
DH-3
DH-4
DH-5
DH-6
DH-7
‘DH-8
DH-9
DH-10
DH-11
DH-12

DH-21

DH-23 |

DH-24

DH-25
DH-28

1458.6
1461..4
1458.5
1462.4
1462..3
1715.5
1716..0
1910.3
1913.0
2033.2
2033.6
1950.9

1478.3
1951.5

2061.4

2044.9
1971.0

%

obhplVovwsogaod

1
:

57,6
45

047

(Downhnle)é

122.8
29.0
174.5
122.9 :
176.9 !
149. 5 !
122.2
150.0
2B3.8
203.5
306.0
301.1

603.7
119.2 -

139.9

79.9
125.2

43.8
T16
T7.7

6.9

9.2

3/28/78
3/23/78

4/3/78

4/17/78 |
4/18/78 |
g

47/28/7
5/%/78

5/21/78 |
5/30/78 |

5/8/78

5/22/78 |
/1778 |

‘7/3/78

7/7/78

7/25/78

B/B/7B ‘
8/17/78

7/11/78
8/10/78
7/30/80

11/29778

7/30/78 -
8710778
B/23/78
10/26/78
11729778

‘8/10/78
8/23/78
B/26/78
11/30/78
7/30/80
12/16/81

'7/30/80

18/26/78
11/29/78

Type

DH
T

n o

Drill hole
Thermistor probe - fluid-Tilled standpipe

References (45) and (47)
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TABLE 3.2: SUMMARY OF PREVIOUS INVESTIGATIONS - BORROW SITE D - WATANA
Total Depth to Thermistor Piezometer
Hole Surface Depth (ft) Bedrock (ft) Date Reading Reading Water Level (ft)
Number Elevation (Downhole ) (Downhole) Drilled Type Dates Type Dates (Vertical Depth)
1978 0.0 - 2.0
AP1 2201.6 15.0 - 6/15/78 - SP 2/4/78 4.2
0.0

AP2 2199.0 11.0 - 6/20/78 SP 1978 Frozen at 1.2
AP3 2280,2 18.0 - 6/20/78 2/4/82

AP4 2140.0 3.5 - 6/21/78

APS 2201.4 27.5 - 6/21/78

AP6 2213.6 27.0 - 6/21/78

AP7 2279 .1 7.0 - 6/21/78

AP8 2245.7 58.3 - 6/23/78 T 1978

12/16/81
AP9 ©2295.8 18.0 - 6/23/78 T 1978
12/16/81

AP10 2332.0 15.0 -- 6/23/178

AP11 2308.9 25.0 -- 6/28/178

AP12 2302.9 14.1 - 6/28/78

AP13 2305.8 22.0 - 6/28/78

AP14 2306.7 11.0 - 6/28/78

AP15 2307.7 9.5 - 6/28/78

AP16 2313.5 3.5 - 6/13/78

AP17 2408.1 12.5 - 6/13/78

AP18 2372.4 16.0 - 6/13/78

AP19 2375.1 19.3 - 6/13/78

AP20 2353.5 17.0 - 6/15/78

AP21 2339.8 19.3 - 6/15/78

AP22 2307.1 13.4 - 6/13/78

AP23 2267.5 9.5 - 6/15/78

AP24 2265.9 15.0 - 6/15/78

TP8 2292.0 7.0 - 8/16/78

TP9 2343.0 10.0 - 8/15/78

TP10 2326.0 10.6 - 8/21/78

TP11 2270.0 8.2 - 8/18/78

TP12 2334.0 13.5 - 8/21/78

TP13 2330.0 10.0 - 8/22/78

TP14 2286.0 3.0 - 8/17/78

TP15 2233.0 7.0 - 8/19/78

TP16 2255.0 10.5 - 8/16/78

TP17 2247.0 7.0 - 8/18/78

TP18 2211.0 13.7 - 8/19/78

TP19 2302.0 13.7 - 8/21/78

TP20 2265.0 13.2 - 8/21/78

P21 2229.0 12.0 - 8/23/78

st



TABLE 3.2 (Cont'd)

Tot al Depth to ~ Thermistor Piezometer
Hole Surface Depth (ft) Bedrock (ft) Date Reading Reading Water Level (ft)
Number Elevat ion (Dawnhole) (Downhole) Drilled Type Dates Type Dates (Vertical Depth)
DR13 2321.4 84.0 - 4/17/78
DR14 2339.6 75.0 - 4/25/78 T 12/16/71 1978 18.0 - 30.0
1/4/82
DR15 2294.0 316.5 286.0 4/27/78
DR16 2099.4 91.5 67.0 5/31/78 1978 0.0 - 10.0
DR17 2167.0 35.7 9.0 6/6/78 1978 0.0 - 5.0
2/4/82 14.2
DR18 2172.0 248.3 231.0 6/9/78 T 7/30/80 SP 1978 4,0 - 20.0
12/16/81 2/4/82 38.4
2/4/82
DR19 2151.4 78.3 55.0 6/29/78 T 7/30/80 SP 1978 2.0 - 6.0
12/16/81 2/4/82 13.6
, 2/4/82
DR20 2207.3 252.6 210.0 5/17/78 SP 1978 27.0 - 40,0
2/4/82 72.7
DR22 2229 .1 493,6 454.0 7/5/78 T 19.78 SP 1978 195.0 - 200.0
7/30/80
12/16/81 "
2/4/82 2/4/82 213.0
DR26 2294.7 94.8 - 8/9/78 T 1978 SP 1978 0.0 - 13.0
12/15/81 2/4/82 23.7
2/4/82
DR27 2321.6 44.0 - 8/13/78

AP = Auger probe

TP = Test pit

DR = Rotary drilled hole
SP - Standpipe

References (45) and (47)
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References (45) and {(47)

TABLE 3.3: SUMMARY OF PREVIOUS INVESTIGATIONS -
BORROW SITES E, F & C - WATANA
~Total Depth to.

Hole Surface Depth (ft) Bedrack (ft) Date
Number Elevat ion (Downhole ) (Downhole) Excavated
Borrow Site E:

TP1 1420.0 8.0 —_ 6/21/78
TP2 1415.0 9.2 - 6/24/78
TP3 1435.0 5.0 - 9/25/78
TP3A 1436.0 5.2 - 7/25/78
TP4 1442.0 9.2 - 7/26/78
PS5 1455.0 8.2 - 7/28/78
Borrow Site f:

TP6 2110.0 5.7 - 6/29/78
TP22 2174.0 13.0 - 8/24/78
TP23 2160.0 14.0 — 8/25/78
TP24 2245.0 6.6 - 8/25/78
P25 2190.0 7.4 - B/25/78
TP26 2232.0 13.5 —_ 8/25/78
Borrow Site C:

TP7 2390.0 4.0 - 6/23/78
TP = Test Pit



TABLE 3.4:

SUMMARY OF PREVIOUS INVESTIGATIONS - DEVIL CANYON DAMSITE

Total Depth to
Hole Surface Depth (ft) Bedrock (ft) Date
Number Elevat ion Dip (°) Asimuth (%) (downhole) {Downhole ) Drilled
DAMSITE:
DH-1 1419.7 45 157.5 117.3 0.0 6/4/57
DH-3 1381.1 0 - Trenched -— -
DH-4 1375.7 0 - 52.5 24.7 9/10/57
DH=5 1373.9 8! - 86.2 55.5 7/25/57
DH-6 1370.1 0 - 107.3 86.9 8/10/57
DH-7 1376.6 0 - 59.5 33.9 8/27/57
DH-8 1446.7 30 351 150.4 0.0 6/20/57
DH-9 1424 .1 45 360 87.0 0.0 7/8/57
DH-10 1425.1 52 065 121.7 0.0 7/13/57
DH-11 893.5 42 355 30.5 0.0 7/30/57
DH-11A 893.5 45 355 29.1 0.0 8/4/57
DH-11B 893.5 N 355 33.9 0.0 8/8/57
DH-11C 892.7 57 355 150.1 Q.0 8/13/57
DH-12 - 60 045 127.5 0.0 9/16/57
DH-12A 896.0 45 045 149.3 0.0 10/1/57
DH-13 912.3 45 162 137.0 0.0 7/22/57
DH-13A 912.0 37 162 80.7 c.o 8/2/58
DH-14 903.1 45 225 50.0 0.0 6/5/58
DH-14A 903.0 53 225 130.4 g.0 6/10/58
DH-14B 901.5 60 225 146.2 0.0 6/12/58
DH-14C 902.8 55 171 82.0 0.0 6€/25/58
DH-15 1329.1 0 - 68.3 47.6 9/24/57
51 1340.0 -— - - - 1958
52 1230.0 - - - - 1958
S3 1315.0 - - - 0.0 1958
5S4 1060.0 - ~— - 0.0 1958

References (28, 29 and 51)
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TABLE 3.5:

SUMMARY OF PREVIOUS INVESTIGATIONS - BORROW SITE G - DEVIL CANYON

Test Pit
Number

Surface
Elevat ion

i i Depth to
Total Depth Bedrock
(Downhole) (ft)| {Downhole) (ft)

Date

_ Excavated

TP6

TP7

TP17
TP18
TP19
TP20
TP21
TP22
TP23
TP24
TP25
TP26
TP27
TP93
TP94

22.5 -~

1958

NOTES:

Mo data were available for TP7,

unnumbered test pits.

References (2B, 29, and 51)

TP17, TP18, TP20, TP22-TP27, and the two



4 - REGIONAL GEOLOGY

4.1 - Introduction

The Devil Canyon and Watana damsites lie in the Susitna River basin
within the Talkeetna Mountains of south-central Alaska. The regional
stratigraphy, structure, and glacial history are briefly discussed in
this section. A more detailed discussion of specific regional tecton-
ics is presented in the Woodward-Clyde Consultants' report (58).

The geologic setting of the Talkeetna Mountains and the adjacent Susit-
na River basin has been interpreted as an enormous tectonic mosaic com-
posed of separate continental structural blocks and fragments that
accreted to the North American plate during Mesozoic time (7,11,25,27,
38). The exact number of these blocks is unknown; however, geologic
and geophysical evidence suggest that the blocks moved northward a con-
siderable distance prior to collision with the North American plate
(22,33,42). This geologic history is reflected by the highly complex
structure and stratigraphy found throughout the region.

4.2 - Stratigraphy

The oldest rocks which outcrop in the region are a metamorphosed upper
Paleozoic (Table 4.1) rock sequence which trends northeastward along
the eastern portion of the Susitna River basin (Figure 4.1). These
rocks consist chiefly of coarse to fine grained clastic flows and tuffs
of basaltic to andesitic composition, locally containing marble inter-
beds (8). This system of rocks is unconformably overlain by Triassic
and Jurassic metavolcanic and sedimentary rocks. These rocks consist
of a shallow marine seduence of metabasalt flows, interbedded with
chert, argillite, marble, and volcaniclastic rocks. These are best
expressed in the project area around Watana and Portage Creeks. The
Paleozoic and lower Mesozoic rocks are intruded by Jurassic plutonic
rocks composed chiefly of granodiorite and quartz diorite. The Juras-
sic age intrusive rocks form a batholithic complex of the Talkeetna
Mountains (8).

The uplift of the Talkeetna Mountains and subsequent rapid erosion
associated with this plutonic event, resulted in the deposition of a
thick turbidite sequence of argillite and graywackes during the Creta-
ceous. These rocks underlie a large part of the project area and form
the bedrock at the Devil Canyon site (10). These rocks were subse-
quently deformed and intruded by a series of Tertiary age plutonic
rocks ranging in composition from granite to diorite in composition and
includes related felsic and mafic volcanic extrusive rocks. The Watana
site is underlain by one of these large plutonic bodies, which appears
to comprise the southern limit of the diorite pluton which predominates
along upper Tsusena Creek (6). These plutons were subsequently in-
truded and overlain by felsic and mafic volcanics. Mafic volcanics,
composed of andesite porphyry lie downstream from the Watana site.
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4,3 - Tectonic History

At Teast three major episodes of deformation are recognized (10) for
the project area:

- A period of intense metamorphism, plutonism, and uplift in the Juras-
sic;

- A similar orogeny during the middle to late Cretaceous; and

- A period of extensive uplift and denudation in the middle Tertiary to
Quaternary.

The first period (early to middle Jurassic) was the first major orogen-
ic event in the Susitna River basin as it now exists. It was charac-
terized by the intrusion of plutons and accompanied by crustal uplift
and regional metamorphism.

Most of the structural features in the region are the result of the
Cretaceous orogeny associated with the accretion of northwest drifting
continental blocks into the North American plate. This plate conver-
gence resulted in complex thrust faulting and folding which produced
the pronounced northeast/southwest structural grain across the region.
The argillite and graywacke beds in the Devil Canyon area were isoclin-
ally folded along northwest-trending folds during this orogeny. The
majority of the structural features, of which the Talkeetna Thrust
fault is the most prominent in the Talkeetna Mountains, are a conse-
quence of this orogeny. The Talkeetna Thurst is postulated as repre-
senting an old suture zone, involving the thrusting of Paleozoic, Tri-
assic and Jurassic rocks over the Cretaceous sedimentary rocks (10,11,
20,26,38). Other compressional structures related to this orogeny are
evident in the intense shear zones roughly parallel to and southeast of
the Talkeetna Thrust.

Tertiary deformations are evidenced by a complex system of normal,
oblique slip, and high-angle reverse faults. Two prominent tectonic
features of this period bracket the basin area. The Denali fault, a
right-lateral, strike-slip fault 25 miles north of the Susitna River,
exhibits evidence of fault displacement during Cenozoic time (9). The
Castle Mountain-Caribou fault system, which borders the Talkeetna Moun-
tains approximately 70 miles southeast of the sites, is a normal fault
which has had fault displacement during the Holocene (18).

4.4 - Glacial History

A period of cyclic climatic cooling during the Quaternary resulted in
repeated glaciation of southern Alaska. Little information is avail-
able regarding the glacial history in the upper Susitna River basin.
Unlike the north side of the Alaska Range, which is characterized by
alpine type glaciation, the Susitna basin experienced coalescing pied-
mont glaciers from both the Alaska Range and the Talkeetna Mountains
that merged and filled the upper basin area.
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At Tleast three periods of glaciation have been delineated for the
region based on the glacial stratigraphy (30,34). During the most
recent period (late Wisconsinian), glaciers filled the adjoining Jow-
land basins and spread onto the continental shelf (30). Waning of the
ice masses from the Alaska Range and Talkeetna Mountains formed ice
barriers which blocked the drainage of glacial meltwater and produced
proglacial lakes. As a consequence of this repeated glaciation, the
Susitna and Copper River basins are covered by varying thicknesses of
tills and lacustrine deposits.
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TABLE 4.1:

GEOLOGIC TIME SCALE

MILLION OF
ERA PERIOD EPOCH GLACIATION YEARS AGOD
Quaternary Holocene
, Wisconsinian
Pleistocene Illinoian
Kansan
Nebraskan 1.8
Cenozoic Pliocene
Miocene
Tert iary Ol igocene
Eocene
Paleocene 70
Cretaceous
Mesozoic Jurassic
Triassie 230
Permian
Pennsylvanian
Mississippian
Paleozoic Devonian
Silurian
Ordavician
Cambr ian 600
Precambrian

Reference {54)
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5 - SCOPE OF GEOTECHNICAL INVESTIGATION

5.1 - Introduction

The overall geotechnical investigation program for the Watana and Devil
Canyon sites was designed to determine technical feasibility of the
sites for development of hydroelectric facilities.

The principal objectives of the 1980-81 investigation were to:

- Determine the suitability of the bedrock for excavating underground
structures which include penstocks, powerhouse, tailrace, and diver-
sion tunnels;

- Determine foundation conditions in the damsite areas. Specifically,
to determine soil type and depth, thickness of weathered rock, rock
permeability, groundwater regime and extent of permafrost;

- Define and investigate specific geologic structural features to in-
clude faults, shear and fractured zones, alteration zones, and
joints;

- Determine the availability of the required quantities of suitable
construction materials for the dams and related facilities; and

- Examine the stability of the reservoir slopes during filling and
operating the reservoir.

The scope developed to meet these objectives was based on:

- Discussions with individuals involved in previous studies;
- Detailed review of all previous data; and
- Information developed during the course of this study.

The engineering application of the data collected during this investi-
gation was applied to the design phase of the project in Task 6 and is
presented in the Feasibility Report (1).

The details of the program for each site are discussed in Sections 6
and 7.

5.2 - Geologic Mapping

(a) Damsites

A geologic mapping program was undertaken to define the lithology
and structure of the damsites and reservoirs. All the geologic
data obtained in previous studies were used to supplement the data
collected during the 1980-81 program.
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The Acres geologic mapping program was performed in three phases:
1980 summer, 1980/81 winter, and 1981 summer. The geologic map-
ping program for each phase was initiated by aerial reconnaissance
followed by a walking ground traverse.

The principal objective of the 1980 program was to perform general
reconnaissance mapping of the damsites and reservoirs to:

- Verify existing data;

- Locate potential borrow and quarry sources and refine limits and
and quantity estimates; and

- Identify areas that would require detailed mapping during the
next two phases of the program.

Data from the 1980 program were plotted on 1:6000 scale aerial
photographs. The mapping was performed by a team of two geolo-
gists during the period of June through August.

The 1981 winter program was performed during the month of March
and consisted of mapping those areas along the Susitna River and
Tsusena and Cheechako Creeks that were not accessible during the
warmer months. However, poor ice conditions at Devil Canyon pre-
cluded mapping of several areas along the Susitna River. Particu-
lar attention was directed to mapping the extent and configuration
of “The Fins" and "Fingerbuster" at the Watana site. Similarly,
other sheared, fractured, and altered zones were mapped along the
river where access could not be gained during the summer months.

Mapping consisted of identifying each outcrop and noting its size,
orientation, weathering characteristics, lithology, and jointing,
as well as any other significant geologic feature. All signifi-
cant features were photographed.

The 1981 summer program entailed detailed mapping of both dam
abutments at Watana and Devil Canyon with particular attention
directed at defining the extent of any unusual geologic feature
denoted in the previous phases of the investigation. The extent
of the detailed mapping program is shown in Figures 6.3 and 7.3.
Mapping at Watana extended for approximately 3,000 feet upstream
and 3,000 feet downstream from the proposed dam axis. Mapping was
performed in those areas having bedrock exposure. For the wmost
part, this was limited to the valley walls. Mapping at Devil Can-
yon extended for approximately 2,000 feet upstream and 2,500 feet
downstream from the proposed dam. Most of the mapping was con-
fined to the gorge walls, since very 1ittle outcrop exposure
exists beyond the break in slope. Mapping was performed by the
“tape and Brunton" method with key areas being marked for future
survey control. Mapping of the gorge walls was performed by geo-
logists trained as technical climbers.
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(b)

A1l geologic data were plotted on a l-inch to 200-foot base map.
A detailed discussion of the results of the geologic mapping pro-
gram is presented in Sections 6 and 7.

Reservoir Mapping

(1)

(11)

(1i1)

General

The Watana and Devil Canyon reservoirs were geologically
and geomorphically mapped to identify any geologic features
and geotechnical conditions which might seriously affect
the reservoir performance. Such features included buried
channels and faults in the reservoir rim which may jeopar-
dize the reservoir water tightness; faults which could be
activated by reservoir loading; and natural slopes which
may become unstable or erodible with reservoir filling or
drawdown.

Reservoir mapping consisted of airphoto interpretation per-
formed by R&M Consultants (Appendix J) and mapping of cur-
rent slope stability and permafrost (Appendix K). The

scope of these programs is discussed in the following sec-
tions.

Airphoto Interpretation

A terrain unit map was developed using a 1:24,000 airphoto
base map. Field checks of specific features were performed
as required. The interpretation identified 14 types of
land forms or individual terrain units. These are:

- bedrock - ablation till

- colluvium deposits - basal till

- landslide ' - outwash

- solifluction deposits - esker deposits

- granular alluvial fan ~ kame deposits

- floodplain - lacustrine deposits
- old terraces - organic deposits

Results of the airphoto interpretation are contained in
Appendix J.

Slope Stability

The potential for instability of the slopes within the
Watana and Devil Canyon reservoirs after impoundment was
evaluated using color aerial photographs at a scale of
1:24,000, color infrared photographs at a scale of
1:120,000, and a brief field reconnaissance. Areas of cur-
rent slope instability, and the distribution of permafrost
were delineated. This information, in addition to the. soil
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and rock conditions throughout the reservoirs, was used in
identifying the potential types and zones of instability
and erosion that could occur as a direct effect of the im-
pounding of the reservoirs. Details of this study are pre-
sented in Appendix K.

5.3 - Subsurface Investigation

(a)

(b)

Diamond Core Drilling

Diamond core drilling was performed on the abutments of both dam-
sites using a skid-mounted Longyear-34 diamond drill equipped with
triple tube wireline N-size core barrel. A total of approximately
8,000 linear feet of drilling was performed at Watana and 3,600
linear feet at Devil Canyon. Seven diamond core borings were
drilled at each site. Al1l logging and supervision were by geolo-
gists. All rock core was logged for 1ithology, core recovery,
RQD, joints and fractures, shears, fracture zones and alteration
zones, and other significant geologic features. A discussion of
the results of the drilling program is presented in Sections 6 and
/7 with Drilling Report and Summary Logs and permeability test
results contained in Appendices B through E.

A summary of the drilling activity for the 1980-81 field season is
shown in Tables 5.1 and 5.2 with drill hole locations shown in
Figures 5.1 and 5.2.

In-Hole Testing

(i) Permeability Testing

Permeability testing was conducted in all the diamond drill
holes upon completion of the core drilling. Prior to test-
ing, each hole was thoroughly flushed with clear water and
the drill string withdrawn. Following flushing of the
hole, a packer assembly was lowered into the borehole to
the desired depth. The test procedure involved inflating
the packers with nitrogen to isolate a section of the bore-
hole, pumping water under pressure into the test zone, and
recording pressure and flow rates. Based on the flow
rates, hydraulic head, hole diameter, and length of test
section, the permeability of the rock in the test section
was calculated. In general, the packer assembly was in-
stalled to the bottom of the hole with tests being run over
16.1 foot intervals as the assembly was withdrawn.

The permeability for each test section was calculated using
the following formula:

= L
k = 0.0679 1 LA In
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Where k = permeability, cm/sec
q = constant rate of flow, gpm
L = length of test section, feet
H = differential head of water, feet
r = radius of hole, feet
In = natural logarithm

A maximum test pressure equal to 1 psi per foot of vertical
depth below the ground surface to the water table, plus 0.5
psi per foot of vertical depth below the water table down
to the test section was used. However, in no case was the
pressure allowed to exceed 200 psi. The actual gage pres-
sure was adjusted to take into consideration the depth of
water table.

In order to obtain accurate permeability values, it was
necessary that the applied pressure and flow rates be mea-
sured accurately. A panel of four Fisher-Porter glass tube
variable flow meters was set up as shown in Appendix D.
These meters have an accuracy of 1 percent over full scale
and individual ranges of 0.021-0.267 gpm, 0.095-1.19 gpm,
0.34-4.25 gpm and 0.88-11.0 gpm. The panel was set up to
use any of the four meters or to bypass them altogether.

Water pressure was supplied by a Royal Bean fixed-displace-
ment, piston pump. Test pressure was monitored using a
liquid-filled Ashcroft model 1279 pressure gage with a O-to-
300-psi range and 2 psi divisions. The accuracy of this
gage is +0.5 percent of full scale.

To eliminate pressure surging in the line to the gages, a
surge tank was installed and pressure snubbers were used
between the pressure gage and the main line.

Discussions of the results of the permeability tests are
presented in Section 6.1(f) and 7.1(f).

In-Hole Geophysical Logging

In-hole geophysical logging was carried out in three dia-
mond drill holes at the Devil Canyon site and two holes at
the Watana site. BH-2 at the Watana site caved badly and
was not tested. A total of 3,225 linear feet of logging
was completed. The logging procedure involved lowering a
geophysical probe in the hole on a wireline with the data
being returned to the surface and recorded on a self-con-
tained logging unit. The logs run in each hole included:
temperature, caliper, resistivity, and sonic velocity.
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The purpose for the geophysical logging was to aid in in-
terpreting the subsurface conditions found at depth.
Because of poor data resolution, the results of the survey
have not been included in this report.

(iii) Instrumentation

To monitor the groundwater and permafrost conditions in the
bedrock, piezometers and thermistor strings were installed
in boreholes BH-3 and BH-6 at Watana (Figure 5.1); and
BH-1, BH-2, and BH-4 at Devil Canyon (Figure 5.2).

The piezometers used were a pneumatic type assembly manu-
factured by Petur Instrument Company of Seattle, Washing-
ton. The pneumatic type piezometers were selected because
subfreezing temperatures were likely to be encountered in
the upper portions of the holes which would cause blockage
in conventional standpipe piezometers. Pneumatic type pie-
zometers are also quick to install and easy to read.

The thermistor strings were manufactured by Instrumentation
Services in Fairbanks, Alaska. The thermistor strings were
each 250 feet long with thermistor points attached at 3, 6,
9, 12, 15, 18, 21, 25, 50, 75, 100, 125, 150, 175, 200, and
250 feet. A 40-strand cable was used to connect the therm-
istors to the surface, where a quick connect plug on the
cable was plugged into a switch box which in turn was con-
nected to a portable readout box. The system is designed
to obtain two readings at each depth so readings can be
cross checked. Each thermistor point was initially cali-
brated in the laboratory before installation and a computer
program set up to convert readings to temperature, taking
into account the correction factors for each thermistor.
An accuracy of 0.05°C was obtained with this equipment.

The installation details of piezometers and thermistors are
shown in Figures 5.3 and 5.4.

5.4 - Seismic Refraction Surveys

Seismic refraction surveys were performed at both damsites during the
1980 and 1981 field seasons. This survey data was used in conjunction
with borehole data, geologic mapping, and previous geophysical surveys
to define:

Depth to bedrock;

Bedrock seismic velocities;

Extent of possible shear and fracture zones;
Location and configuration of relict channels, and;
Location and extent of potential borrow material.
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A total of approximately 100,000 linear feet of seismic lines were per-
formed for this program with the results presented in Appendices H and
I. The Tocation of the seismic lines in the damsite areas are shown in
Figure 5.1 for Watana and Figure 5.2 for Devil Canyon. Discussion of
the seismic 1ines in the borrow sites are presented in Section 6.3 and
7.2 with locations being shown on individual borrow site figures.

Most of the surveys were performed using a 1,100-foot seismic line in-
crement with 100 foot spacing between geophones. Shorter geophone
spacing was used where terrain was rugged or overburden was shallow.
Explosive charges of 1 to 2 pounds were used as the energy source and
were placed at a distance of half the geophone spacing beyond the end
geophones and at the middle of the lines. For shorter lines, a hammer
and plate provided adequate energy. The seismic velocities were
recorded on a Geometrics/Nimbus model ES-1210F 12-channel stacking
seismograph. A digital/analog converter was used to display the
results for data reduction.

At Watana damsite, 5 traverses were run in the immediate damsite area,
10 traverses in the relict channel area, and 15 traverses in the borrow
sites.

At Devil Canyon, a total of four traverses were run in the immediate
vicinity of the small ponds on the Teft abutment. Land access restric-
tions prohibited any seismic work in Borrow Site G.

Details of the seismic survey are given in Table 5.2. The results have
been applied to the geologic and geotechnical interpretation of the
site presented in Sections 6 and 7.

5.5 - Borrow Investigation

Test pits and auger holes were excavated and drilled in the proposed
borrow sites to determine their material properties, quantities and
extent.

Tables 5.4 to 5.8 provide a summary of the work in the borrow sites
performed during the 1980-81 field seasons.

The program initially used a platform-mounted CME-45 rig that was
replaced by a CME-55 because of the difficult drilling conditions.
Drilling was performed using a hollow-stem, continuous-flight auger
string, having an 8-inch 0.D. and a 3-1/4 inch I.D., to a maximum depth
of 75 feet. Material samples were collected using a split-spoon samp-
ler continuously in the upper 10 feet of the hole and then at 5-foot
intervals to full depth. The sampling procedures consisted of drilling
the augers down to the required sampling depth, removing the inner plug
and stem, and advancing the split-spoon sampler 18 inches into the soil
below the cutting head by driving it with a 140-1b hammer falling free-
1y 30 inches (Standard Penetration Test). The samples were returned to

5-7

S




the surface, logged by a geologist, and prepared for transport and
storage. In most cases, 4- to 6-inch long, thin brass liners were used
inside the split-spoon sampler, which allowed selected samples to be
capped and sealed. Following completion of the hole, the auger string
was withdrawn and the hole backfilled with the drill cuttings.

Test pits were excavated utilizing a JD-350 dozer equipped with a back-
hoe. Average depth of the test pits ranged from 4 to 13 feet. Three
trenches were excavated along the edge of the alluvial fan in Borrow
Site G using the JD-350 (Figure 5.2).

Bulk samples from the holes and pits were collected and sealed in air
tight bags for subsequent laboratory testing.

The Togs for the auger holes and test pits are presented in Appendices
F and G. The properties of the borrow materials are discussed in Sec-
tions 6.3 and 7.2.

5.6 - Laboratory Testing

(a) soil

Representative soil samples obtained from the potential borrow
sites were tested to determine their physical properties and veri-
fy their field classification. Soil samples were tested to deter-
mine grain-size distribution, moisture content, Atterberg limits,
moisture-density relationship, permeability values, consolidation
rates, and shear strength. All testing was done using ASTM or
AASHTO standard procedures where applicable. The results of the
testing program are summarized in Sections 6.3 and 7.2 with the
laboratory data included in Appendices F and G.

(b) Rock

Previous rock testing at the Watana and Devil Canyon sites was
carried out by the USBR and COE. The results of this testing were
incorporated into the analysis of the rock conditions where appli-
cable.

The rock-testing program undertaken in 1980-81 was intended to
provide sufficient data to develop preliminary criteria for design
of underground structure excavations and foundations. Rock sam-
ples were selected for testing mainly to determine the range or
rock properties to be encountered at the site. Samples selected
included weathered rock, rock with discontinuities, and fresh rel-
atively homogeneous rock. Samples of low-strength rock, which
could not be recovered as solid core, were tested only for direct
shear tests on discontinuities. All samples were tested using the
appropriate ASTM standard procedures.

The scope of the 1980-81 rock testing program is shown in Tables
5.9 and 5.10, with the results presented in Sections 6.1 and 7.1.
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TABLE 5.1: SUMMARY OF 1980-81 INVESTIGATION - WATANA DAMSITE
Total Depth to Thermistor Piezometer

Hole Surface Dip Azimuth Depth (ft)| Bedrock (ft Date Wwacer Level

Number Elevation (*) ) (Downhole) (Downhole) Drilled Type Reading Dates Type Reading Dates | (ft) Vertical

BH-1 2049.7 70 030 299.9 18.7 8/10/81

BH-2 1838.8 55 043 401.1 10.0 7/14/80

BH-3 2150.7 55 338 955.7 31.7 8/15/81 MPT 11/11/81 PN 9/1/81 0.0
12/9/81 11/11/81 0.0
1/5/82 1/5/82 0.0

BH-4 2187.8 58 060 949.6 12.4 9/11/81 SP 9/22/81 50.0

BH-6 1608.8 60 225 740.4 8.0 6/26/80 MPT 11/21/80 PN 11/21/80 147.0
4/26/81 5/24/81 126.2
5/24/ 81 6/25/81 103.2
6/25/81 12/9/81 115.0
8/3/81
12/9/81

BH-8 1979.7 60 060 752.4 8.0 7/29/80 SP 8/9/80 15.0

BH-12 1975.7 36 220 798.9 27.0 7/18/81 SP 7/28/81 0.0

BH = Diamond core hole

PN = Pneumatic piezometer

MPT = Multi-point thermistor string

SP = Standpipe

Reference - Figure 5.1
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TABLE 5.2: SUMMARY OF 1980-81 INVESTIGATION - DEVIL CANYON DAMSITE

Total Depth to Thermistor Piezometer
Hole Surface Dip Azimuth Depth (ft)| Bedrock (ft Date Water Level

Number Elevat ion (°) (%) (Downhole) | (Downhole) Drilled Type Reading Dates Type Reading Dates | (ft) Vertical

BH-1 1413.7 67 225 750.2 11.8 8/23/80 MPT 4/21/80 PN 10/6/80 144.5
4/19/81 5/24/81 153.1
5/24/81 6/24/81 138.2
6/24/81 12/9/81 152.0
8/3/81 1/7/82 145.3
11/13/81
12/9/81
1/7/82

BH-2 1213.4 60 0 655.5 2.0 9/10/80 MPT 12/9/81 PN High
1/7/82

BH-3 1398.0 32 058 391.1 7.5 6/28/81

BH-4 1352.6 60 195 500.7 7.0 8/14/80 MPT 4/19/81 PN 4/19/81 13.2
5/24/81 5/24/81 9.2
6/24/81 6/24/81 9.2
8/3/81
12/9/81
1/7/82

BH-5A 974.,5 45 189 597.9 0.0 6/4/81

BH-5B 976.6 45 277 200.3 0.0 6/19/81

BH-7 1351.0 45 009 498.3 11.0 5/18/81

BH = Diamond cored hole
MPT = Multi-point thermistor string
PN = Pneumat ic piezometer

Reference - Figure 5.2
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TABLE 5.3:

SUMMARY OF 1980-B1 SEISMIC REFRACTION LINE DATA

Line
WCC* R&M Length Number of

Line No. | Survey No. | (feet) Segments/Shots { Comments

80-1 80-1 6,600 8/31 Wat ana Rt Abutment-Relict Channel -
Extended NE by 81-13

80-2 80-2 5,500 5/19 Watana Rt Abutment-Relict Channel -
Extended NE by 81-13

80-3 80-3 2,000 &/ 11 Watana Abutments Upstream - 81-6 Crosses
River in Middle

80-4 - - - Not Used

80-5 - - - Not Used

80-6 80-6 1,100 2/5 Watana Rt Abutment - "The Fins" Area

80-7 80-7 2,200 2/10 Watana Rt Abutment - Upper Relict Channel
Area

80~-8 80-8 2,200 2/110 Quarry Source B Area - Extends SW-5 to South

80-9 80-9 1,100 1/3 Borrow Site E - Extends SW-14 to Northwest

80-10 - — -— Not Used

80-11 80-11 2,200 4/13 Borrow Site E - Adjacent to Tsusena Creek

80-12 80-12 1,120 3/8 Devil Canyon Saddle Dam Area

80-13 80-13 1,120 3/8 Devil Canyon Saddle Dam Area

80-14 - - - Not Used

80-15 80-15 440 1/2 Devil Canyon Saddle Dam Area

81-1 81-1 1,000 1/3 Run Over River Ice, 2.1 Miles Upstream from
Wat ana Centerline

81-2 81-2 2,000 2/6 Run Over River Ice, 1.6 Miles Upstream from
Watana Crest

81-3 81-3 500 1/2 Run Over River Ice, 1.1 Miles Upstream from
Watana Crest

B1-4 81-4 900 1/3 Run Over River Ice, 0.6 Mile Upstream from
Watana Crest

81-5 81-5 450 1/3 Run Over River Ice, 0.5 Mile Upstream from
Watana Crest

81-6 81-6 450 1/2 Run Over River Ice, 0.1 Mile Upstream from
Watana Crest

81-7 81-7 3,200 3/9 Run Over River Ice, 4.0 Miles Downstream
from Watana Crest

81-8 81-8 2,500 3/6 Run Over River Ice, 5.2 Miles Downstream
from Watana Crest

81-9 B1-9 2,000 2/6 Run Over River Ice, 7.3 Miles Downstream
from Watana Crest

81-10 B81-10 2,100 2/6 Run Over River Ice, 8.2 Miles Downstream
from Watana Crest

81-11 81-11 2,800 3/9 Run Over River Ice, 9.3 Miles Downstream
from Watana Crest

81-12 81-12 2,000 2/7 Run Over River Ice, 10.1 Miles Downstream
from Watana Crest

81-13 81-1X 3,200 3/10 Relict Channel Area - Extends 80-1 to
Northwest

81-14 80-2X 3,300 3/5 Relict Channel Area - Extends 80-2 to NE -
Northwest - North End Not Surveyed

81-15 BH-11 2,100 4/11 Dffset to Accommodate Topography

81-16 16-81 2,200 2/8 Wat ana Upper Relict Channel Area

81-17 - 1,100 1/5 Watana Upper Relict Channel Area - Not
Surveyed

81-18 ass 2,200 2/10 Watana Upper Relict Channel Area - North of
Quarry Source B

81-19 as8 1,100 1/6 Watana Upper Relict Channel Area - North of
Quarry Source B

81-20 SW-1X 1,600 5/11 Watana Left Abutment - Extends SW-1 East

81-21 B-12 1,850 5/19 Watana Left Abutment - Crosses 81-20

81-22 17 1,500 3/6 Devil Canyon Left Abutment - Crosses 80-12
and 80-13

81-FL-1

to Fog Lakes | 28,800 48/138 Cont inuous Profile - Fog Lakes Area
81-FL-48

#Profiles and time-distance plots included in (57)
Locat ion reference - Figures 5.1, 5.2, 6.38, 6.40,

6.43, and Appendices H and I
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TABLE 5.4: SUMMARY OF 1980-81 INVESTIGATION - BORROW SITE D - WATANA
Total Depth to Thermistor Piezometer
Hole Surface Depth (ft) Bedrock (ft) Date Reading Reading Water Level (ft)
Number Elevation (Downhole) (Downhole) Drilled Type Dates Type Dates (Vertical Depth)
AH-D1 1 2261.7 20.0 - 7/14/80
AH-D2 2335.3 29.0 — 7/15/80
AH-D3 2339.9 20.5 - 7/15/80
AH-D4 2255.0 15.0 -- 7/17/80
AH-D5 2221.6 48.3 - 8/14/81 T 1/5/82 SP 2/4/82 9.0
2/4/82
AH-D6 2262.9 50.0 - 8/22/81 T 1/5/82 SP
AH-D7 2242.9 48.3 - 8/12/81 T 1/5/82 SP 2/4/82 Blocked at 29.0
. 2/4/82
AH-D8 2276 .1 50.3 - 8/9/81 T 1/5/82
AH-D9 2319.1 74.0 64.0 7/25/81 T 1/5/82 SP
AH-D10 2357.8 50.0 -- 8/1/81 T 1/5/82 sp
AH-D11 2358.0 54,7 - 7/27/81 T 1/5/82 SP
AH-D12 2337.9 60.0 - 7/30/81 T 1/5/82
AH-D13 2326.2 50.0 - 8/3/81 T SP
AH-D14 2272.7 75.0 - 8/27/81 T 12/9/81 SP 2/3/82 10.0
1/4/82
2/3/82
w80-282 Grab 1980
W80-300 Grab 1980
AH = Auger hole
W = Grab sample
SP = Standpipe
T = Thermistor probe - fluid-filled standpipe
Reference - Figure 6.40
k] ] ] 7 3 ] i ] 3 3 b 1

[S==F3



TABLE 5,5: SUMMARY OF 1980-81 INVESTIGATION -
BORROW SITE E - WATANA
! Total Depth to

Surface Depth (ft) Bedrock (ft) Date
Number Elevation (Downhole) (Downhole) Drilled
AH~E1 1424.5 25.0 - 7/1/80
AH-E2 1463.3 10.0 - 7/18/80
AH-E3 1456.1 20.0 - 7/3/80
AH-E4 1443.7 20.0 - 7/17/80
AH-ES 1580.5 10.0 —_ 6/23/80
AH-E6 1436.8 26.5 —_— 7/19/80
AH-E7 1469.3 5.5 - 7/20/80
AH-ES8 1504.0 6.0 - 7/21/80
AH-E9 1524.8 8.0 - 7/20/80
TP-E1 - 10.0 - 4/19/81
TP-E2 1436 .6 12.0 - 4/18/81
TP-E3 1464.2 13.0 - 4/17/81
TP-E4 1454.9 13.0 - 4/18/81
TP-ES 1470.1 10.0 - 4/16/81
TP-E6 1443.4 9.0 -~ 4/15/81
TP-E7 1450.7 4.0 - 4/15/81
TP-EB 1450.2 12.0 —_ 4/20/81
TP-E9 1476.7 1.5 - 4/21/81
TP-E10A 1500.7 13.0 - 4/22/81
TP-E10B 1493.7 9.5 - 4/22/81
TP-E11 1512.7 12.0 - 4/24/81
TP-E12 1534.9 1.0 - 4/25/81
TP-E13 Not Dug - -- -
TP-E14 1503.0 10.5 - 4/26/81
TP-E15 1468.3 1.5 - 4/28/81
TP-E16 1463.8 11.5 - 4/30/81
TP-E17 1441.7 1.0 - 5/1/81
TP-E18 1455 .1 12.5 - 5/2/81
TP-E19 1464.7 12.0 - 5/2/81
TP-E20 1435.0 12.0 - 5/3/81
TP-E21 1425.4 12.0 - 5/3/81

AH = Auger hole
TP = Test pit

Reference - Figure 6.43



TABLE 5.6: SUMMARY OF 1980-81 INVESTIGATION - BORROW SITE G - DEVIL CANYON

Total Depth to Thermistor
Hole Sur face Depth (ft) | Bedrock (ft) Date Reading

Number Elevation (Downhole) {Downhole) Drilled Type Dates
AH-G1 982.3 23.0 -— 7/22/80 - -
AH-G4 983.1 1.0 - 7/22/80 _— -
AH-G9 982.0 55.0 - 8/22/81 — -
AH-G10 980.0 19.0 — 8/26/81 - -
AH-G11 - 31.0 - 8/26/81 T None
AH-G12 -— 13.5 10.5 B/27/81 T to
AH-G13 -~ 35.0 - 8/28/81 T Date
AH-G14 - 29.0 - 8/29/81 T -
- TT-G1 - Trench -— 7/21/81 -- -
TT-G2 -- Trench - 7/21/81 - -

AH = Auger hole
TT = Test trench
T = Thermistor probe - fluid-filled standpipe

Reference - Figure 7.22



1

—

TABLE 5.7: SUMMARY OF 1980-81 INVESTIGATION - BORROW SITE H - WATANA
: Total Depth to Thermistor
Hole Surface Depth (ft) | Bedrock (ft) Date Reading
Number Elevation (Downhole) (Downhole) Drilled Type Dates
AH-H1 2127.5 26.5 23.0 7/16/81 T 1/7/82
AH-H2 1970.9 40.9 - 7/19/81 T 1/5/82
AH-H3 2079.6 29.0 - 7/18/81 T 1/5/82
AH-H4 2064.5 25.5 22.0 7/14/81 T -
AH-H5 2186.2 35.5 -— 7/13/81 T -
AH-H6 2181.0 43.0 - 7/12/81 T -
AH-H7 2188.4 30.7 25,7 7/15/81 T 1/7/82
AH-HB 2093.5 35.0 -- 7/17/81 T 1/7/82
W80-256 - Grab - - - -
W80-257 - Grab - - - _
AH = Auger hole
T = Thermistor probe - fluid-filled standpipe
W = Grab sample

Reference - Figure 6.48



TABLE 5.B: SUMMARY OF 1980-81 INVESTIGATION -
BORROW SITES I & J - WATANA

Total Depth to
Test Pit Surface Depth (ft) Bedrock (ft) Date
Number Elevation (Downhole) (Downhole) Drilled
TP-R1 - 4.5 -~ 9/17/81
TP-R2 - 5.0 — 9/17/81
TP-R3 - 5.5 -— 9/17/81
TP-R4 -- 4.5 - 9/17/81
TP-R5 - 4,5 - 9/18/81
TP-R6 - 5.0 - 9/18/81
TP-R7 - 4.0 - 9/18/81
TP-R8 - 2.5 - 9/17/81
TP-R9 -- 3.5 -- 9/18/81
TP-R10 - 5.5 -— 9/18/81
TP-R11 - 4.0 - 9/18/81
TP-R12 - 5.0 - 9/19/81
TP-R13 - 6.0 -— 9/19/81
TP-R14 - 6.0 - 9/19/81
TP-R15 — 6.0 - 9/20/81
TP-R16 —_ 5.5 - 9/20/81
TP-R17 - 4,5 - 9/20/81
TP-R18 - 5.0 - 9/20/81
TP-R19 - 4.0 -- 9/21/81
TP-R20 - 5.0 - 9/21/81
TP-R21 -~ 4.5 -- 9/21/81
TP-R22 - 5.0 - 9/21/81
WB0-302 - Grab - 1980
TP = Test pit
W = Grab sample

Reference - Figures 6.51 and 6.52

o)
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TABLE 5.9:

SUMMARY OF ROCK TESTS - WATANA

No. of Tests

No. of Tests

Type of Test By Acres St andard by Others
Unconfined Uniaxial

Compression 29 ASTM D2938-71a -
Unconfined Uniaxial

Compression with

St ress/Strain Plot 4 ASTM D3148 6
Direct Shear 3 - —_
Indirect Tension " ASTM C496 -
Point Load Test 303 - -
Specific Gravity 44 ASTM C97-47 (1970) 5
Dynamic Modulus 2 ASTM D2845-69 (1976) -




TABLE 5.10:

SUMMARY OF ROCK TESTS - DEVIL CANYON

No. of Tests

No. of Tests

Type of Test By Acres Standard by Others
Direct Shear 6 - -
Indirect Tension 8 ASTM C496 -
Point Load Test 338 - -
Specific Gravity 40 ASTM C97-47 (1970) 6
Dynamic Modulus 3 ASTM D2845-69 (1970) 8
Unconfined Unaxial

Compression 26 ASTM D2938-71a -
Unconfined Unaxial

Compression with

Stress/Strain Plot 6 ASTM D3148 7

Y
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. DETAILED EXPLORATION MAP OF DAMSITE ON FIGURE 5.1b
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6 - RESULTS OF GEOTECHNICAL INVESTIGATIONS - WATANA

The results of the geotechnical studies performed at the Watana site
are presented in this section. The three principal subsections are:

- Subsection 6.1: Watana Damsite;
-~ Subsection 6.2: Relict Channels; and
- Subsection 6.3: Borrow & Quarry Material.

Map locations presented in this section are shown on the Watana Index
Map - Figure 6.1.

6.1 - Watana Damsite

(a) Overburden Conditions

(i) General

A top-of-bedrock and surficial geologic map for the damsite
area is shown on Figure 6.2. Determination of these over-
burden thicknesses and material types at the site has been
based on geological mapping, seismic refraction surveys,
drilling, and test pits. Geologic profiles depicting sub-
surface stratigraphy in the main dam area and borrow sites
are presented in later sections. Data used in developing
these figures are provided in Appendices B, F, H, and I
while Table 6.1 provides the correlation of seismic velo-
cities with soil and rock types used for this study.

(ii) Damsite

Within the limits of the damsite, three distinct zones of
overburden can be delineated at the site. These are: (a)
top of slope (elevation approximately 2200) to approximate
Elevation 1950 to 1900; (b) Elevation 1900 to river level,
and (c) riverbed.

The upper areas of the abutments near the top of slope con-
sist of deposits of till, alluvium, and talus. On the
north abutment, the alluvium is significantly intermixed
with talus material. The thickness of this cover may reach
50 to 60 feet. 'On the south abutment, the average overbur-
den depth is estimated at 20 feet with isolated zones of
apparent channel fill material reaching 70 feet or more, as
shown by seismic line SL81-20 and DH-25 (Figure 6.2).

Below Elevation 1900 to 1950 where the valley changes from
a "U" shape to a "V" shape, the overburden becomes thinner
and more varied, ranging from probable maximums of 40 feet
thick at the river edge (where there are talus and minor
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(iv)

avalanche deposits) to zero along the numerous rock cliffs.
Most of the material is rock derived from the cliffs with
occasional remnants of silty sand and gravel river terrace
deposits. Some larger, well-rounded boulders occur at the
lower elevations. The average abutment overburden thick-
ness in this zone is estimated to be 10 feet of alluvium
and loose talus materials.

Cobbles and gravels occur from flood elevation (about 1470
feet) down to the river. Boreholes and seismic lines in
the river show a relatively consistent deposit of river al-
luvium composed of gravel, cobbles, and boulders with a
sand matrix interspersed. The maximum depth of river allu-
vium in the main dam area is estimated not to exceed 90
feet.

A recent seismic refraction survey suggests that there are
bedrock shallows near the proposed upstream cofferdam site
(Appendix I). This interpretation is questionable because
of the poor resolution of the seismic data. A more reason-
able interpretation would be either the existence of frozen
material or the presence of very densely compacted talus
material that has been eroded from the adjacent "The Fins"
structure (Section 6.1[c]1). However, further work will be
required in this area to confirm these velocities.

Emergency Spillway

The upper portion of the proposed emergency spillway 1is
founded in an area of shallow overburden, whereas the west-
northwest extension of the spillway that extends downslope
off the flank of the pluton is in an area of deeper over-
burden. The estimated depth to rock in this area is shown
in Figure 6.2.

Camp Areas

The proposed construction camp and permanent village site
is northwest of the damsite in an area of deep overburden
that consists primarily of sands and gravels with inter-
spersed boulders. Bedrock depths are expected to exceed
100 feet throughout the area. A more complete discussion
of the geology and overburden of this area is presented in
Section 6.2.

Access Roads

Construction of access roads to the site will encounter
areas of very deep overburden. Access and haul roads out-
side the damsite area will, to some degree, be routed along
gravel terraces, but 1in many areas will cross shallow,
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boggy, and swampy areas and zones of till, clays, and

silts. Further detailed investigations will be required in
subsequent phases of study to accurately determine soil and
foundation conditions along proposed access routes.

(b) Lithology

(1)

Introduction

The Watana site is located on the western side of a Ter-
tiary age (Table 4.1) igneous plutonic body which consists
primarily of diorite and quartz diorite (Section 4). This
pluton is bounded in the site area by andesitic volcanic
flows and volcaniclastic sedimentary rocks. These rocks
have not been assigned formational names, but rather have
been given Tlithologic names for mapping and correlation
purposes.

The 1ithology and structure at the Watana site are shown on
a geologic map, Figure 6.3, and five geologic sections, W-1
through W-5 (Figures 6.4 to 6.8).

The geology shown in these figures is based on field map-
ping, and borehole and seismic refraction data (Section 5).
Where possible, mapped surface structures were correlated
with subsurface drilling and seismic refraction data. How-
ever, the limited rock exposure and the widely spaced sub-
surface exploration data in the damsite frequently required
extrapolation of geologic contacts and structural features
over great distance. Therefore, future investigations will
be necessary to confirm the location and continuance of
those features shown in the figures.

For simplicity, borehole information shown on Figures 6.4
to 6.8 is limited to features five feet or greater in
thickness. More detailed information 1is contained in
Appendices B, D, H, and I.

The following subsections address the site lithology.

Plutonic Rocks

At the Watana site, the pluton is nearly continuously ex-
posed in Tlarge outcrops along the south bank between Ele-
vations 1650 and 1900. On the north bank, outcrops are
generally smaller and less frequent (Figure 6.2). The
rocks of the pluton are primarily diorite and quartz dio-
rite with lesser amounts of granodiorite. These varied
lithologies are probably the result of chemical variations
within the parent magma, primarily increasing silica con-
tent from diorite to granodiorite. The rock types are
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observed in both outcrop and boreholes to grade from one to
the other. A 20-foot wide gradational contact between the
diorite and quartz diorite is exposed at river level on the
south bank approximately 1,000 feet upstream from the dam
centerline. A similar gradational contact is found in
boreholes BH-6 and BH-8 (Appendix B) over 0.3 foot at Ele-
vation 1594 and 3.8 feet at Elevation 1708, respectively.
Since no mappable pattern was found to differentiate these
three rock types, they have been combined on the geologic
map and sections under the general name of diorite.

The diorite here is described as a crystalline igneous rock
which is predominantly medium greenish gray but varies to
light gray and light to medium greenish gray in the grano-
diorite and quartz diorite phases, respectively. The tex-
ture is massive with no planar structures. Grain size var-
ies from fine (less than lmm) to medium (1-5mm) but is
usually medium. The diorite is generally composed of 60 to
80 percent feldspar, O to 10 percent quartz, and 20 to 30
percent mafics.

Quartz content of the quartz diorite ranges up to 20 per-
cent but is usually 10 to 15 percent. The feldspar con-
sists primarily of medium grained, euhedral plagioclase
with minor amounts of fine grained anhedral orthoclase. In
the granodiorite, orthoclase content is about 10 percent.
Quartz, when present, is fine grained and intergrown be-
tween the feldspar crystals. Mafic minerals, consisting of
biotite and hornblende, are generally fine grained. The
hornblende is often partially chloritized. Trace amounts
of sulphides and carbonate also occur within the diorite.
IncTusions of argillite have been observed in the diorite
in “The Fins" area (Figure 6.3).

The diorite is generally fresh and hard to very hard. The
rock is slightly weathered along the joint surfaces at a
depths of about 50 to 80 feet (Section 6.1[c]). There is
generally a very thin (less than 2 inches) weathering rind
on most outcrops.

The pluton has been intruded by both mafic and felsic dikes
which are discussed below.

Zones of hydrothermal alteration occur within the diorite.
The alteration has caused the chemical breakdown of the
feldspars and mafic minerals. The feldspars have altered
to kaolinite clay and the mafics altered to chlorite.
Hydrothermal alteration is discussed in detail in Section
6.1(c).
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Andesite Porphyry

The name andesite porphyry 1is used for a varied group of
apparently related extrusive rock types (46). The andesite
porphyry occurs along the western side of the diorite plu-
ton and is exposed in outcrops on both sides of the Susitna
River (Figure 6.3). On the south bank, outcrops occur
across from the "Fingerbuster" and at approximate Elevation
1750, immediately downstream from the dam centerline. And-
esite porphyry was drilled in boreholes BH-4 (Figure 6.4),
BH-8 (Figure 6.5), and BH-2 (Figure 6.7) to depths of 96.0,
43.0 and 103.0 feet, respectively. Borehole DH-28 bottomed
at 125 feet in the porphyry (Figure 6.8). Andesite por-
phyry dikes are also found interspersed in the diorite. On
the north bank, the andesite is exposed at river Tevel in
the "Fingerbuster" area and in scattered outcrops to about
Elevation 2350.

The andesite porphyry is a light to medium dark greenish
gray volcanic rock similar in composition to the diorite
pluton. The color becomes lighter with increasing amounts
of Tithic inclusions. The groundmass is aphanitic (grains
visible only with the aid of a microscope) with generally
10 to 30 percent of fine to medium grained plagioclase
feldspar phenocrysts. Lithic inclusions are found through-
out the andesite porphyry but are most concentrated near
the contact with the diorite. Concentrations of subrounded
to subangular fragments, up to 6 inches in diameter, of
quartz diorite, argillite and volcanic rocks were found
above the diorite contact in BH-8 (Appendix B). The ande-
site porphyry is fresh to slightly weathered and hard.
Hydrothermal alteration is not common in the andesite por-

phyry.

The andesite porphyry also contains Tlayers or zones of
dacite and latite and basalt. The latite occurs in the
"Fingerbuster" area (47) and the dacite in Quarry A. The
basalt occurs in the area of the volcaniclastic sediments
downstream from the "Fingerbuster."

These varied rock types appear to be irregular and discon-
tinuous in the site area and could not be mapped over large
areas. Therefore, the term andesite porphyry has been used
as a general term for all of these volcanic units.

Outcrops on the south bank near the diorite contact contain
from 30 to 50 percent lithic fragments in an andesite mat-
rix. Flow Structures are visible in outcrops and boreholes
in the areas of abundant 1lithic fragments. On the south
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bank, about 350 feet northeast of DH-28, the flow structure
strikes east-west and dips 20° to the south. In the "Fing-
erbuster" area, flow structures strike northwest-southeast
and dip 15° to the west. Figure 6.9 is a photograph of the
andesite porphyry in the "Fingerbuster" area which shows
numerous lithic inclusions, as well as flow structure line-
ation.

A sequence of volcaniclastic rocks (46) composed of tuf-
faceous sandstones and siltstones are exposed 2,500 feet
downstream of the contact between the andesite porphyry and
the diorite. The siltstones are medium gray, fine grained
while the sandstone has a buff colored ground mass with
grains of feldspar, quartz and argillite. Bedding of these
units strike nearly north-south with dips generally Tless
than 30° to the west. The rock is slightly weathered and
iron oxide stained. The relationship between the volcani-
clastic rocks and the andesite porphyry is not clearly
defined because of outcrop exposure.

Contact Between Andesite Porphyry and Diorite

The contact between the andesite porphyry and the under-
lying diorite has been mapped immediately downstream from
the proposed dam centerline, extending in a general north-
westerly direction across the left abutment and northerly
across the right abutment (Figure 6.3). On the south bank
it is intersected in BH-8 and BH-12 and exposed in one out-
crop west of the dam centerline at about Elevation 1750.
At this point, between 400 to 800 feet northeast of DH-28,
the diorite is generally fresh to slightly weathered and
unfractured. The andesite porphyry is slightly to moder-
ately weathered and fractured up to 10 to 15 feet above the
contact. Figure 6.10 is a photograph showing the closely
to very closely spaced joints in the andesite porphyry
immediately above the diorite contact.

Where the contact is exposed on the south bank, minor
shearing, less than 1 inch wide, occurs between the ande-
site porphyry and the diorite. The contact in this area
strikes nearly east-west with a dip of 45° to the south.
In BH-8, the andesite porphyry/diorite contact is found at
a depth of 43.0 feet. From 38.4 to 43 feet, thin layers of
andesite porphyry are moderately to severely weathered with
layers of silty sand. Core loss in this zone was 1.1 feet
with only 50 percent drill water return. The contact in
BH-12 was intersected at a depth of 63.7 feet. Unlike
BH-8, the -andesite above the contact (from 54.8 to 63.7
feet) is fresh to moderately weathered with generally
closely to moderately closely spaced joints. The contact
occurs over a 3-inch-wide zone where the andesite porphyry
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interfingers with the diorite. The diorite is fresh below
the contact. Core recovery was generally 100 percent
through the contact zone with variable RQDs. Permeabilities
are on the order of 10-° cm/sec.

On the north bank, the contact is not exposed but was in-
tersected in BH-2 and BH-4. In BH-4, very closely spaced
Jjoints with silt and clay coating occur in the andesite
porphyry from 94.1 feet to the contact at 96 feet. As in
BH-12, very thin fingers of andesite porphyry penetrate the
diorite at the contact. The diorite below the contact is
slightly weathered with iron oxide staining in the upper
0.5 feet. RQDs are quite low, ranging from 0 to 51 percent
in the upper 15 feet of the diorite. Permeabilities, how-
ever, are low at about 107° cm/sec. The contact from
river level (Elevation 1450) to about Elevation 2000 in
this area is coincident with a major shear zone ("Finger-
buster") (Section 6.1[c]). This zone, which was drilled in
BH-2, showed low RQDs and core loss. This poor quality
rock is the result of post-intrusion shearing of the "Fin-
gerbuster" and not necessarily representative of the con-
tact. Above Elevation 2000, the contact is assumed to dip
moderately to the northwest.

Dikes

The diorite pluton has been intruded by both mafic and fel-
sic dikes. No dikes were found in the andesite porphyry.
Because of their small size, the dikes could not be deline-
ated as mappable units.

Felsic dikes are found in outcrops and in all boreholes.
Felsic dikes are light gray and aphanitic to medium grain-
ed, but generally fine grained. The felsic dikes are com-
posed primarily of feldspar (plagioclase and orthoclase)
with up to 30 percent quartz and less than 10 percent maf-
ics. Contacts with the diorite are tight and "welded". The
felsic dikes are hard, fresh, and unfractured. Dike widths
are up to 6 feet but generally less than 0.5 feet. Felsic
dikes have been found offset up to several inches by shears
and healed shears in outcrop and in boreholes (BH-3 at
702.7 and 801.3 feet). Figure 6.11 shows a 7-inch wide
felsic dike offset along a healed shear. The healed shear
is tight and hard.

Mafic dikes are less common at the site than the felsic
dikes. They are rarely seen in outcrop and only found in
boreholes BH-1, BH-2, BH-8, and BH-12. The mafic dikes,
consisting of andesite or diorite, are dark green to dark
green gray. Grain size is aphanitic to very fine, with
fine to wmedium grained plagioclase phenocrysts (BH-2,

6-7




Appendix B). The mafic dikes are hard and fresh with tight
contacts. Dike widths are generally Tless than 1 foot,
although in BH-2, an andesite dike was drilled from 245.8
to 277.8 feet. Diorite inclusions were also found in this
dike. A possible mafic dike was mapped on the south bank
at river level upstream from the centerline. This dike is
approximately 5 feet wide and consists of fine grained dio-
rite. The dike 1is very closely to closely jointed and
occurs in a talus-filled gully. The trend of the dike is
northwest-southeast parallel to a major joint set. As with
the felsic dike, the mafic dikes could not be mapped over
an extensive area.

A large mafic dike, 350 to 400 feet wide, has intruded into
the diorite upstream from the proposed diversion tunnel in-
take portal. Qutcrops occur in the "The Fins" on the north
bank and in Quarry L on the south bank (Figures 6.3). The
dike is porphyritic with an aphanitic to fine grained
ground mass. Medium grained phenocrysts, consisting pri-
marily of plagioclase feldspar and lesser amounts of horn-
blende, comprise up to 10 percent of the rock in "The Fins"
and 20 to 30 percent on the south bank. The bedrock 1in
this area has been termed a diorite porphyry. The rock is
fresh hard and generally massive with rare occurrences of
compositional layering or possible flow structure. Inclu-
sions in this unit consist of rounded diorite and tabular
argillite fragments from 1 to 6 inches Tong. Contacts with
the inclusions are sharp and tight.

The diorite porphyry becomes 1less porphyritic and more
aphanitic near the contacts with the diorite pluton. The
western contact in "The Fins" is coincident with a 20-foot-
wide shear/alteration zone (see Section 6.1[c]). The eas-
tern contact is not exposed.

(c) Structural Geology

(1)

(i1)

Introduction

This section discusses the structural geology at the Watana
site and its relation to proposed site facilities. This
section is presented in three subsections: joints; shears,
fracture zones, and alteration zones; and significant geo-
logic features.

Joints

Joint data were recorded at all outcrops, as well as at
nine joint stations (WJ-1 through WJ-9) which were selected
for detailed joint measurements (Figure 6.12). Jdoint sta-
tions were chosen at representative areas having good
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‘three-dimensional exposure of major structures and in the

major rock types: diorite, andesite porphyry, and diorite
porphyry. At outcrop and joint stations, the orientations
of major and minor joint sets were recorded, as well as the
condition of the joint surfaces, spacing, and any minerali-
zatijon or coating.

At stations WJ-1 through WJ-3, only 60 to 86 joint readings
were taken because of limited exposure, while one hundred
joints each were recorded at each of the other six sta-
tions. For each station, joint measurements were plotted
on the Tower hemisphere of a Schmidt equal-area stereonet
and contoured at 1, 3, 5, 7, 10, and 15 percent. An
example illustrating the plotting method (5) is presented
on Figure 6.12.

In addition to the joint station plots, composite joint
plots were constructed from beth joint station and outcrop
data. The site was divided into four quadrants. A compos-
ite plot for each quadrant is shown in Figure 6.13.

Two major and two minor joint sets were mapped at the
Watana site and are identified on the composite and joint
station plots. Sets I and II are major sets which occur
throughout the site area. Sets III and IV are minor sets
which are generally less prominent but may be Tocally
strong. Each joint set is discussed below, while Table 6.2
is a summary of joint set orientations, dips, spacings,
surface conditions, and structural relations. The joint
sets are common to all rock types at the damsite.

This discussion 1is based on mapped surface jointing.
Because the orientations of joints and fractures in the
boreholes were not determined, it is not possible to corre-
late between joints in outcrop and those encountered at
depth. Joints in boreholes are discussed separately.
N

Joint Set I is the most prominent set at Watana. The aver-
age orientation 1is 320° in the four quadrants (Figure
6.13). Dips average 80° northeast in the northeast and
southeast quadrants and vertical in the northwest and
southwest quadrants. Joint surfaces are planar and smooth
to rough and have an average spacing of 2 feet. dJoint sur-
faces in the diorite porphyry in "The Fins" are pitted and
rough where feldspar and hornblende phenocrysts have
weathered out. Minor carbonate deposits were found on Set
I surfaces at joint stations WJ-4, WJ-6, and WJ-7 (Figure
6.12). The joints are continuous and generally tight.
Open joints are found at the surface in fracture zones and
shears. Set I parallels most major shears, fracture zones,
and alteration zones found at the site.
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A subsidiary Joint Set (Ib) to Set I was found in the area
downstream of the dam centerline at joint station WJ-7.
This subset trends from 290° to 300° with an average dip of
75° northeast. This subset is also strongly developed at
joint stations WJ-1, WJ-2, and WJ-9 (WJ-2 is in the area of
the diversion tunnel outlet). The subset in the northwest
and southwest quadrants (downstream from WJ-4) is parallel
to the trend of the shears in geologic features GF 7A,
GF 7B, and GF 7C (see Significant Geologic Features)
(Figure 6.3). This trend is also parallel to the Susitna
river between the dam centerline and diversion tunnel out-
let.

Joint Set Il is northeast-trending, ranging in strike from
045° to 080° with an average trend of 060° across the site.
Most dips are steep from 80° southeast to 80° northwest.
Set 11 1is best developed in the northeast and southeast
quadrants where the trend averages 050° with a preferred
dip to the northwest. At stations WJ-3 and WJ-5, near the
diversion tunnel entrance, Set II is more strongly develop-
ed than Set I, while at joint station WJ-6 in the diorite
porphyry approximately 200 feet upstream from WJ-3, no Set
11 Joints were found. It is likely that the face of the
outcrop at this station was parallel to Set II Jjoints
resulting in no exposure of that set. In the northwest and
southwest quadrants, Set II trends more to the east with an
average strike of 065° and dips vertically. Set 11 joints
are generally planar with smooth to rough surfaces. Joint
spacings range from 1 inch to 5 feet, averaging 2 feet.
Set II is generally continuous and tight. Open joints were
found on the south bank at WJ-1 and at several other out-
Crops.

No shears or alteration zones were found associated with
Joint Set II.

Joint Set III is generally north-south trending, ranging in
strike between 340° and 030° with variable dips from 40°
east to vertical to 65° west. Set III is a minor set al-
though locally pronounced in the northwest and southwest
quadrants. In the northeast quadrant, the average strike
and dip are 005° and 60° east. In the southeast, the
strike and dip are generally 350° and 65° west (WJ-7).

Fracture and shear zones parallel to Set III were mapped in
structural areas GF 6A, GF 6B, and in the "Fingerbuster"
(Figure 6.3). At GF 6B, Set III forms numerous open joints
on the c1iff face. Where present, the Set III joints range
in spacing from Tess than 1 inch in fracture zones to 5
feet, with an average of 1.5 feet. These joints are gener-
ally planar to irregular and rough. Minor carbonate was
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found at some outcrops in the southwest quadrant. Moder-
ately to steeply east-dipping Set III joints are likely to
be encountered in tunnels near the proposed dam centerline
and at the diversion tunnel outlet.

Joint Set IV consists of numerous low angle (dipping less
than 40°) joints of various orientations, the strongest
trend being 090° (Table 6.2). In all but the northeast
quadrant, these Jjoints dip towards the Susitna River at
less than 30°. In the northeast quadrant, dips are both
towards and away from the river. Set IV joints are planar
to irregular, smooth to rough and discontinuous.. Spacing
is generally 1 to 2 feet when present. No mineralization,
shearing, fracture, or alteration zones are associated with
this set. Set IV joints probably resulted from stress
relief after glacial unloading and/or erosion of the river
valley, and therefore should not occur at depth.

At WJ-2 and WJ-4, a strong local joint set striking approx-
imately 335° with a 30° to 70° dip to the southwest was
mapped. Minor shears parallel to this set were found near
WJ-4. This set may be encountered in tunnels downstream
from the centerline.

In summary, shears, fracture zones, and alteration zones at
the Watana site tend to parallel Joint Sets I and II1I. No
major structures were found associated with Sets II and IV.
The Susitna River appears to be joint-controlled at the
Watana site. In the upstream area, the river parallels Set
II. In the dam centerline area, it is controlled by both
Set I and Set II, while downstream from the centerline the
river is controlled by shear and fracture zones related to
Joint Set I.

Shears, Fracture Zones, and Alteration Zones

This section defines and discusses shears, fracture, and
alteration zones and combinations of these features which
are shear/fracture zones and shear/alteration zones mapped
at the Watana site. Symbols denoting these features on the
geologic sections (Figures 6.4 through 6.8) are: shears
(S), fracture zones (F), alteration zones (A), shear/alter-
ation zones (S, A), and shear/fracture zones (S,F). For
the most part, these features are less than 10 feet wide
and discontinuous. Where more than 10 feet wide, both
boundaries have been delineated on the geologic map (Figure
6.3) and geologic sections. The individual characteristics
of shears, fracture zones, and alteration zones are des-
cribed below, while Subsection (iv) discusses the specific
areas in which these structures occur.

6-11




- Shears

Shears are defined as a surface or zone of rock fracture
along which there has been measurable displacement and is
characterized by breccia, gouge, and/or slickensides in-
dicating relative movement.

Two types of shears are found at the Watana site. The
first type, which is found only in the diorite, is called
healed shears and healed breccia. This type of shear
consists of a diorite breccia healed within a matrix of
aphanitic to fine grained andesite/diorite. The diorite
fragments range from less than 5 percent to 90 percent of
the zone and are generally subrounded. The matrix and
rock fragments, which are observed in both outcrop and
core borings, are fresh and very hard to hard. Figure
6.11 shows a l-to-2-foot-wide healed sheared zone. The
contacts, although irregular, are tight and unfractured.
In outcrops, healed shears and breccia range from less
than 1 inch to about 1.5 feet. One foot offsets of these
features have been observed where they cross felsic
dikes. Two general orientations were found for this type
of shear: 305° dipping 45° to 70° northeast, and 300°
dipping 65° southwest.

Healed shears and breccias were found in virtually all
boreholes. In all cases, the zone was found to be compe-
tent with high RQPs and high core recoveries. The
largest healed shear was up to 140 feet thick in COE
DH-11. No correlation could be made between the healed
shears and breccias noted in the cores and the surface
exposures. Therefore, these features were not delineated

on the site geologic map. These features are interpreted

to be emplacement type shears which formed during the
last phases of plutonic activity when the magma was in a
semi-solid state.

The second type of shear found at the site is common to
all rock types and consists of unhealed breccia and/or
gouge (Figure 6.18). The breccia consists of coarse to
fine sand-size rock fragments in a silt or clay matrix.
Gouge s generally silt or clay material. Both the
breccia and gouge are soft and friable. Thicknesses of
these shears vary from less than 0.1 inch up to 20 feet,
but are generally less than 1 foot. Carbonate and chlor-
ite mineralization are commonly associated with these
shears. Some shears are partially to completely filled
with carbonate. Slickensides are found in most shears
and occur on both the carbonate and chlorite surfaces.
These shears are most often associated with fracture and
alteration zones. When found in association with these
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zones, they have been referred to as shear/fracture and
shear/alteration zones. Figure 6.18 is a photograph of a
typical shear which is within a fracture zone. These
zones will be discussed in more detail in the Fracture
Zone and Alteration Zone subsections.

Fracture Zones

Fracture zones are areas of very closely to closely
spaced (less than 1 foot) jointed rock where no apparent
relative movement has occurred. Fracture zones are com-
mon to all rock types and are found in both outcrop and
boreholes. Fracture zones in outcrop were found to range
from 6 inches up to 30 feet in width but are generally
less than 10 feet. In the boreholes, fracture zones were
found to range from less than 1 foot up to more than 100
feet wide as measured in BH-2. However, for the most
part in boreholes and outcrop, the fracture zones are
less than 5 feet wide.

Where exposed, they are easily eroded and form topograph-
ic Tows or gullies, which have become filled with talus.
The fracture surfaces are generally iron oxide stained.
A coating of white carbonate is also commonly found on
the fracture surfaces.

Alteration Zones

Alteration zones are areas where hydrothermal solutions
have caused the chemical breakdown of the feldspars and
mafic minerals. The products of alteration are kaolini-
tic clay from feldspar and chlorite from mafic minerals.
These zones are found in both the diorite and andesite
porphyry but appear to be Tless common in the andesite
porphyry.

Most of the information regarding alteration zones is
from the boreholes. Alteration zones are rarely seen in
outcrop because, like the fracture zones, they are rela-
tively easily eroded and tend to form gullies which sub-
sequently become filled with talus. Alteration zones are
exposed on the surface on the north bank in "The Fins"
and in one outcrop at river level near the dam center-
line. The degree of alteration is highly variable rang-
ing from slight, where the feldspars show discoloration,
to complete where the feldspars and mafics are completely
altered to clay and chlorite. In slightly altered dio-
rite, the rock is bleached to a yellowish green or gray
and is generally hard to moderately hard as seen in BH-3
from 933.2 to 948.9 feet (Appendix B). The slightly
altered zones have approximately 10 to 25 percent of the
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feldspars stained or altered to clay. In completely al-
tered diorite, the rock is bleached to whitish gray or
very light yellowish gray. The rock fabric is preserved;
however, the material is soft and friable. These com-
pletely altered zones are uncommon, and when encountered,
are generally 1 to 2 feet wide. Most alteration zones
found in the boreholes are slightly to moderately al-
terede These zones are moderately hard with some thin
soft zones. Figure 6.15 is a photograph of an alteration
zone within "The Fins". As seen in the figure; the in-
tact diorite is in the upper right and 1is noticeably
darker than the lighter, bleached diorite that is altered
and sheared. Iron oxide staining is visible over a 2-to-
8-inch-wide carbonate band.

Widths of these alteration zones most often range up to
20 feet but are generally under 5 feet. An exception is
in BH-12 on the south bank which drilled over 300 feet
into an alteration zone (Figure 6.5, see Subsection
[iv]). Several shear/alteration zones are exposed in "The
Fins" and range from 10 to 55 feet wide.

The carbonate, which is also associated with the altera-
tion zones, occurs as veins or joint filling generally up
to 0.5 inches thick. Occasionally, sulphide mineraliza-
tion and iron oxide staining are also found in these
zones.

No increase in joint frequency is evident in association
with these alteration zones. Numerous thin (<2 inches)
shears are associated with the alteration zones (Appendix
B). RQDs are generally Tow, because only fresh to
slightly altered rock is considered in taking RQD mea-
surements. Core recovery is generally more than 90 per-
cent within the alteration zones. The transition from
fresh to altered rock is gradational, generally occurring
over less than 1 foot.

Significant Geologic Features

The Watana site has several significant geologic features
which consist of broad areas of shears, fracture zones,
alteration zones, and/or combinations of these features.
Two of these areas, initially mapped by the COE (45) are
called "The Fins" and "Fingerbuster" (Figure 6.3). Other
areas or individual structures considered to warrant
detailed discussion have been identified on Figure 6.3 by
letters GF 1 through GF 8 and are discussed individually
below.
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"The Fins"

"The Fins" consists of major zones of shearing and alter-
ation. This feature is located on the north bank of the
Susitna River upstream from the proposed diversion tunnel
intake portal (Figure 1.2). "The Fins" consists of a 400-
foot-wide zone containing a series of northwest trending
shear/alteration zones. Gullies formed by erosion of
these structures are separated by intact rock bands or
ribs ranging from 5 to 50 feet wide.

Three major and .numerous minor shear/alteration zones
have been mapped in "The Fins." From upstream to down-
stream, the major zones consist of a 20-foot-wide zone in
the area of the diorite and diorite porphyry contact; a
55-foot-wide zone; and a 30-foot-wide zone. These zones
are separated by intact competent rock bands or ribs.
Large gullies with thick talus have formed in these
zones, resulting in poor rock exposure. These zones
trend in a northwest-southeast direction and are near
verticale Figure 6.16 is an aerial photograph of "“The
Fins" looking northwest along the strike. The 55-foot-
wide gully (as measured at river level) splits into two
branches 20 to 30 feet wide at approximate Elevation
1650. A 10-foot-wide zone of altered and crushed rock is
exposed near river level on the east side (Figure 6.15),
and there is a 3-foot-wide zone of sheared/fractured and
moderately to severely altered rocks on the west side of
the main gqully. The remainder of the gully is covered by
talus. Based on these exposures, it has been assumed
that the shear and alteration zones extend across the
full 55-foot width of the gully.

There are carbonate veins parallel to these zones and
others which transverse them. Carbonate thicknesses
range from 0.5 to 8 inches. The veins are fractured but
no offsets were noted.

Minor east-west and north-south trending shears also
occur in "The Fins." These features are generally less
than 1 foot wide. Two north-south trending shears mapped
in "The Fins" are 1 foot and 3 feet wide, respectively,
and dip 57° to the west. Slickensides on carbonate coat-
ings indicate an oblique sense of movement. Figure 6.14
shows a 3-foot-wide north-south shear. This shear
appears to project across the river in the vicinity of
the upstream cofferdam and align with a topographic trend
on the south bank. Lineations associated with the north-
south shears are indicated on Figure 6.16.
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The overall trend of "The Fins" is 300 to 310°. Dips are
steep to vertical. The extension of this feature to the
northwest 1is inferred from seismic refraction 1lines SL
81-15, SL 81-15x, and SW-3 which show low seismic velo-
cities (10,000-12,700 feet per second) in bedrock, as
well as low bedrock elevation along the projection of
“The Fins" (Figure 6.5). In contrast, the bedrock seis-

. mic velocity northeast and southwest of this feature is

about 18,000 feet per second (Appendices H and I).

Beyond the seismic Tines, "The Fins" has been inferred to
trend along a topographic low (Figure 6.16). Altered
rock found in COE boreholes DR-18, DR-19, and DR-20 in
Borrow Site D may also have been drilled in this feature
(Figure 5.1). The topographic low projects to Tsusena
Creek, where along the northwest bank, an altered and
sheared outcrop of granodiorite is exposed. This outcrop
exposure is approximately 325 feet wide and is character-
ized by northwest, north-south, and east-west trending
shears.

The continuation of "The Fins" to the southeast beyond
the south bank of the Susitna River is uncertain. On the
south bank across from "The Fins," there is a topographic
Tow in Quarry L (Section 6.3[i]), which is the inferred
location of "The Fins" structure. Beyond this area, no
outcrops or topographic trends could be correlated to
this feature. The trace of this feature is also support-
ed by mapping activities performed by Woodward-Clyde Con-
sultants during their seismic studies carried out during
1980-81 (57,58).

. Geologic Feature GF 1

GF 1 is the region downstream of "The Fins" in the vic-
inity of the proposed upstream cofferdam and diversion
tunnel portals. For discussion purposes, the area has
been divided into two subareas: GF 1A on the north
bank and GF 1B on the south bank (Figure 6.3).

Subarea GF 1A contains east-west and northwest-south-
east trending shears and fracture zones. The east-west
shears are oriented between 280° and 290° with vertical
dips. Shear widths are generally 1 foot or less. The
northwest-southeast (310 to 320°) trending shears are
up to 3 feet wide and are parallel to two fracture
zones. These zones are 25 to 30 feet wide and form
gullies. These features are likely to be encountered in
the proposed diversion tunnels (Figure 6.7), intersect-
ing the tunnels at high angles (Figure 6.3). The most
significant structure in GF 1B is a 20-foot-wide frac-
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ture zone trending at 315° and dipping vertically. A
l-foot-wide zone of possible gouge was found in the
zone. Approximately 100 feet to the northeast, a 4-
inch-wide shear was mapped parallel to this fracture
zone. The correlation of the structures in GF 1A with
those in GF 1B are uncertain.

Geologic Feature GF 2

GF 2 (Figure 6.3) is approximately 80 feet wide and
consists of northwest-southeast trending fracture zones
with minor shears. On the south bank, GF 2 is coinci-
dent with a deep, talus-filled gully. OQutcrops on
either side of the gully are very closely jointed (Set
I). Dips are vertical or steep to the north.

On the north bank, there is no strong topographic ex-
pression of the GF 2 structure. A 30-foot-wide gqully
postulated as a fracture zone was mapped at about Ele-
vation 1700. Joint orientations in this area are simi-
lar to those on the south bank. The GF 2 structure was
projected farther to the northwest in alignment with a
low seismic velocity (14,800 feet per second) zone on
SL 80-3 (Appendix I). Based on this evidence, it is
likely that this fracture zone will be encountered in
the diversion tunnel (Figure 6.7), intersecting the
tunnel at an oblique angle.

Geologic Feature GF 3

GF 3 is located on the south bank (Figure €.3). This
area contains fracture zones and minor shears. These
structures strike predominantly at 320° and have verti-
cal to steep northeast dips. A 20-foot-wide fracture
zone was mapped in a deep gully paralleling Joint Set
I. Parallel to this zone is a 4-to-6-foot wide zone of
breccia with heavy carbonate coating. Also in GF 3 is
a 3-to-6 foot-wide shear/fracture zone which trends
north-south and dips 60° east. No features similar to
those in GF 3 were found on the north bank.

Geologic Feature GF 4

GF 4 consists of two shear/fracture zones (GF 4A and
GF 4B), each about 10 feet wide (Figure 6.3). The
overall trend of these zones is 315° with a dip of 70°
to the east. On the south bank, GF 4A and GF 4B were
mapped in a very deep, talus-filled gully. QOutcrops
in the gqullies have very closely to closely spaced
joints along Joint Sets I, II and III. All joints are
heavily carbonate coated. Where mapped, GF 4A was
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found moderately weathered with possible alteration.
Seismic velocities in this area (SL 80-3) are lower
(15,000 feet per second) than the usual 18,000 to
20,000 feet per second velocities measured in less
fractured diorite. GF 4A and GF 4B have been projected
across the river to correlate with two fracture zones
mapped between Elevations 1650 and 1750. These frac-
ture zones are also in a deep gqully (Figure 6.17).
GF 4A has been tentatively correlated with the shears,
fracture zones, and alteration zones found in borehole
BH-3 (Figure 6.4) between borehole depths 414.4 and
622.4 feet. These zones are slightly to moderately
altered and generally moderately hard, though Tocally
soft and friable in the shears. RQDs between 474 and
530 feet are 0 percent because of the moderate altera-
tion. Throughout the rest of the zone, RQDs are 90 tg
100 percent with permeabilities generally 107

cm/sec. Many of the joints are healed by carbonate.
The correlation of the zones in BH-3 with GF 4A has
been based on the assumption that the zones are trend-
ing northwestward. This assumption is supported by the
fact that this fracture zone would have been intersect-
ed in either BH-4 or DH-11 if it had had an east-west
or a north-south strike.

GF 4B has been correlated with a shear/fracture zone
and alteration zone in DH-11 (Figure 6.4) at borehole
depth 189.0-197.7 feet. The fracture zone 1is iron
oxide stained. The upper three feet of the zone 1is
hydrothermally altered and contains 0.2 foot of clay
gouge and breccia. Permeabilities in this zone are
high, typically ranging between 10-¢ cm/sec  to
10~ cm/sec. Most Jjoints are coated with sandy
silt/clay and minor carbonate. The projection of the
GF 4A and GF 4B structures would intersect the proposed
diversion tunnels (Figure 6.3) at a high angle.

Geologic Feature GF 5

GF 5 is Tlocated near the proposed dam centerline and
consists of fracture zones and minor shears (Figure
6.3). The area is approximately 60 to 70 feet wide and
trends northwest-southeast (310 to 320°). The dip is
steep to the northeast. GF 5 on the north bank of the
river falls within a deep gully bounded on the down-
stream side by a 75-foot-high diorite cliff (Figure
6.17). Two northwest trending shears in the gully are
as much as 10 feet wide and dip at 75° and 80° to the
northeast and southwest, respectively. Although there
is no topographic expression of these features on the
north abutment, it has been correlated with several
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shear and fracture zones intersected in borehole DH-9
(Figure 6.4) and with a 130-foot-wide, low-velocity
zone on SW-2 (12,500 fps) (Appendix I). The joints and
fractures in DH-9 are generally 1iron oxide-stained and
carbonate-coated. Faint slickensides are observed on
some surfaces. The RQDs in DH-9 are Tow, with an aver-
age of 57 percent. Permeabilities are generally be-~
tween 1071 c¢cm/sec and 107 cm/sec and decrease
with depth. No Tow-velocity zones were encountered
along SL 80-2 (Figure 6.3) that could imply continua-
t;on of this feature to the northwest (Appendices H and
I).

On the south bank, the GF 5 structure is correlated to
a 10-foot-wide fracture zone at river level and a ser-
ies of minor northwest-trending shears between Eleva-
tion 1650 and 1850. Farther up slope, it is correlated
with a moderately low (15,000 feet per second) velocity

~zone along SL 80-3 and a bedrock depression found 1in

borehole DH-25 (Figure 6.8). In this area, overburden
thickens from 10 or 15 feet to nearly 80 feet. On the
north bank, GF 5 will 1likely intersect the proposed
diversion tunnels (Figure 6.3).

Geologic Feature GF 6

GF 6 is divided into two subareas: GF 6A on the north
bank and GF 6B on the south bank (Figure 6.3). Both
subareas are characterized by north-south trending
structures. GF 6A is approximately 25 feet wide and
occurs in a north-south trending gully whose walls are
very closely jointed, severely weathered, possibly al-
tered, and Tocally friable. A strong north-south
trending joint set (Set III) with vertical and steep
dips occurs in this area.

Subarea GF 6B is characterized by north-south shears,
fracture zones, and open joints; east-west trending
open joints; and northwest trending shears (Figure
6.3). These features are exposed in deep gullies in
the high rock cl1iff face on the south side of the river
(Figure 6.18). The north-south shears have up to 2.5
feet of gouge. Open joints along this trend generally
dip at about 80° to the east and are up to several feet
wide. East-west trending joints dip 70° to 80° north
towards the river. The intersection of these joint
sets has resulted in block slumping. Details of
northwest trending shears in GF 6 are discussed in GF 7
below. No direct evidence could be found during this
study to correlate GF 6A and GF 6B.
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. Geologic Feature GF 7

GF 7 is divided into three subareas: GF 7A on the
north bank; GF 7B, which trends across the river from
the north bank to the south bank; and GF 7C, which lies
between these two areas on the north bank {Figure 6.3).
GF 7 is characterized by numerous northwest (290° to
300°) trending, nearly vertical shears. These shears
are generally 1 foot or less wide and are often associ-
ated with fracture zones up to 10 feet wide.

Subarea GF 7A is about 40 feet wide and lies in a shal-
low northwest trending gully. An outcrop on the east
side of the GF 7A structure at approximate Elevation
1850 is a moderately soft, altered diorite. The extent
and orientation of GF 7A are uncertain; however, based
on field mapping, it appears to trend in a northwester-
ly direction.

On the north bank in the andesite porphyry, subarea
GF 7B lies in a deep, vegetated gully trending at 290°
(Figures 6.3 and 6.19). Exposures in the gully show
very closely spaced vertical fractures trending approx-
imately 290° with thin zones of breccia and gouge. The
andesite porphyry on the gqully walls 1is slightly to
moderately weathered. Figure 6.20 shows where GF 7B
intersects the "Fingerbuster" at river level on the
north bank (see next subsection). Subarea GF 7B has
been projected across the river to correlate with fea-
tures exposed along the base of the cliffs in area
GF 6B (Figure 6.3). GF 7B appears to dip at 75° to the
north. This is based on the siope of the cliff face
and dips of shears behind and at the base of the cliff.
GF 7B was also correlated with a shear zone intersected
from 97.8 to 104.0 feet in DH-1 (Figure 6.6). This
zone is slightly to moderately altered, with shears
less than 6 inches wide. The rock 1is moderately hard,
but soft in shear zones. R(QDs are generally Tess than
40 percent 1in DH-1 with permeabilities about 107

cm/sec. Shearing may also exist in DH-3 where core
loss of 6.7 feet occurred near the top of rock between
94,0 and 104.7 feet. Subarea GF 7B projects to the
southeast from the river bank and is exposed 1in a
steep-walled, 10-to-15-foot wide gully at the andesite
porphyry/diorite contact at Elevation 1750. GF 7B
crosscuts both of these rock types. The rock in the
zone itself has a granular nearly schistose character
typical of cataclastic rocks. The rock has been healed
and resheared. No exposures of GF 7B were found beyond
this point; however, it has been tentatively correlated
to a 10,000-feet-per-second zone on seismic line SW-1
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and to shear/fracture zones in DH-23 (Figure 6.5).
This correlation is questionable, since the zone was
not intersected by BH-8, which Ties between these fea-
tures.

Subarea GF 7C 1is bounded by the "Fingerbuster," subarea
GF 7A and a north-south trending gully on the east side
(Figure 6.3). This area has a step-like appearance in
section because of a series of east-west trending
ridges and gullies between 10 and 20 feet wide. The
"steps" trend along the 290° to 300° shears which are
parallel to Set I joints in this area. Numerous minor
shears in this area have resulted in gullying and ero-
sion. This area was interpreted to be a series of
near-surface slumps along the northwest-trending
shears. It is assumed that GF 7C extends to near Ele-
vation 2200, where a low-velocity zone was found on
SW-2. The size and stability of these blocks will
require investigation in subsequent phases of work.

"Fingerbuster"

The second most prominent structural feature at Watana is
the major zone of shears called the "Fingerbuster," To-
cated about 2,000 feet downstream of the proposed dam
centerline. On the north bank, this structure is par-
tially exposed in a 40-foot-wide gully filled with a deep
talus deposit. The andesite porphyry/diorite contact is
coincident with this structure to about Elevation 2000.
An outcrop in the gully 100 feet above river level 1is a
highly fractured diorite breccia in an andesite matrix.
The rock is moderately to severely weathered. Joints are
very closely to closely spaced in the gully, trend 330°
(Set 1) and 0° (Set III), and dip steeply to vertical.
Slickensides on the gully walls indicate a vertical dis-
placement. Another outcrop at Elevation 1850 on the east
side of the gully is very fine to medium grained diorite
which has been intruded by thin veins of andesite con-
taining diorite fragments.

BH-2 was drilled across the "Fingerbuster" structure to
determine its location at depth. Between borehole depths
of 71.2 and 177.1 feet, the borehole intersected a shear/
fracture zone which was also coincident with the andesite
porphyry/diorite contact at approximately 126 feet (Fig-
ure 6.7). The rock in this zone contains major shears and
zones of alteration. RQDs and core recoveries were gen-
erally less than 50 percent and often O percent. A gully
that branches from the main "Fingerbuster" to the north-
west is inferred to be another shear and fracture zone.
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The extension of the "Fingerbuster" to the south is based
on a strong north-south topographic lineament which ex-
tends to Elevation 1800 on the south bank. No outcrops
were found in this gqully. This feature, which is down-
stream from the main dam structure, has been considered
significant in design. Every effort has been made to
avoid placing major civil structures in this area.

. Geologic Feature GF 8

GF 8 is a wide (approximately 400 feet) northwest-
trending structure on the south bank of the river which
consists primarily of alteration zones but also in-
cludes shear and fracture zones (Figure 6.3). This
area was delineated during the 1981 field season for a
possible underground powerhouse on the south bank.

As a result of the scarcity of bedrock exposure in this
area, all geologic interpretation has been based on
seismic refraction surveys and drilling. In 1981, an
1,800-foot seismic 1ine (SL 81-21) was shot along a
northeast-southwest trend across the south bank (Figure
6.3). A zone about 1,100 feet long of Tow seismic vel-
ocity in bedrock was found. Velocities were about
12,000 feet per second in this zone and 18,000 feet per
second in the adjacent zones on each side. Poor qual-
ity rock was confirmed by BH-12 which was drilled to
the southeast to intersect this structure (Figqure 6.5).
At about Elevation 1700, the boring encountered a near-
ly continuous zone of altered diorite with minor
shears. Alteration is generally slight but includes
zones of moderate to severe alteration. Shears are
less than 6 inches wide. Joints are generally closely
spaced and healed with carbonate. Chlorite is found on
some joint surfaces.

The trend and dip of this structure was based on corre-
lation between SL 81-21, SW-1, BH-12, and DH-28. DH-28
was drillied vertically to a depth of 125.2 feet in an-
desite porphyry. The rock in the boring is slightly to
moderately altered and moderately hard. Joints are
very closely to closely spaced and iron oxide stained
throughout. RQDs are generally less than 50 percent
and often 0 percent. It is postulated that DH-28 was
drilled in a shear/fracture zone related to the GF 8
structure (Figure 6.8). East of DH-28, SW-1 shows
zones of alternating high (17,500-20,000 feet per
second) and low (12,000-13,000 feet per second) seismic
velocity bedrock. No evidence of shearing or altera-
tion was found in BH-8, DH-12, DH-23, or DH-24 or in
any outcrops on the south bank (Figure 6.5). This
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observation served to limit the northeastward extent of
GF 8. In defining the trend of GF 8, it was assumed
that this structure would follow the major northwest-
southeast structural trend found at the site. The
southwest T1imit of GF 8 was based on the change from
low to high bedrock velocity on SL 81-21. The south-
west contact was assumed parallel to the northeast
limit. The dip of the structure, based on the seismic
1ine and information from BH-12, is assumed to be about
70° to the southwest (Figure 6.5).

Rock Quality Designation

The Rock Quality Designation (RQD) (13) was determined for all
rock cores drilled by Acres and COE and is graphically shown on
the Summary Logs in Appendix B. Excluded from this series of bor-
ings are COE DR-16, DR-17, DR-18, DR-19, DR-20, and DR-22 which
were rotary drilled without core recovery and, therefore, no RQDs
were obtained. A tabulation of the RQD values 1is provided in
Tables 6.3 and 6.4. As noted in the tables, rock quality encoun-
tered in the drilling was generally good to excellent with R{QDs
averaging between 75 and 90 percent. In general, rock quality
improves with depth, with the upper 50 to 80 feet of rock being
weathered and more fractured. Below this weathered zone, rock
quality is good to excellent with only localized zones of frac-
tured and sheared rock. These zones generally range in thickness
from 1 to 5 feet, but can be up to 30 feet. RQDs correlate well
with the permeability tests (Section 6.1[f]) which is generally a
function of rock quality.

Poor quality rock was found in BH-2 which drilled through part of
the "Fingerbuster" shear zone. This borehole was sited downstream
from the zone and drilled at an azimuth of 045° and a dip of 55°.
As seen in the boring logs, the shear zone was intersected at a
borehole depth of approximately 70 feet and continued to a hole
length of approximately 100 feet (vertical depth 65 to 80 feet).
This zone, which corresponds with the andesite porphyry/diorite
contact, consists of highly fractured, severely weathered brec-
ciated and sheared rock. Repeated grouting was required to main-
tain hole stability. Below this zone, rock quality improved with
only localized zones of low R(QDs encountered around borehole depth
of 200, 210, and 250 feet. Other poor quality rock was encoun-
tered in several shallow COE holes (DH-1 and DH-28). These holes
were drilled to a depth of less than 125 feet and reflect the poor
quality, near surface weathered rock conditions.

In general, weathering appears to be primarily physical in nature,
with weathered rock being about 40 feet deep at the damsite. The
weathering is light to moderate in joints, with penetration gener-
ally less than a inch into the unbroken rock. Shear and fracture
zones are considerably more weathered, and many of the shear zones
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exhibit chemical weathering and hydrothermal alteration. Details
of these zones are discussed in Section 6.1 (c).

The intact rock is classified as Class B "high strength" and has a
high static modulus to compressive strength ratio of 500. Rock
overall classification is BH (14).

Rock Properties

Representative NQ (1.77 inches) rock core samples of andesite por-
phyry, diorite, quartz diorite and granodiorite samples were sel-
ected from BH-1, -2, -3, -4, -6, -8, and -12 for laboratory test-
ing. Results of the testing are presented in Tables 6.5 and 6.6
and are discussed below. Since the properties of diorite, quartz
diorite, and granodiorite were found to be similar, they have been
included under the heading of diorite. Photographs of typical
rock testing is shown in Figure 6.21.

(i) Unit Weight
Dry unit weights were determined in conjunction with com-

pression and tensile strength tests. Dioritic rocks aver-
aged 167 pcf and andesite rocks averaged 165 pcf.

(ii) Static Elastic Properties

Elastic properties were measured under unconfined compres-
sion using electronic strain gages bonded onto the sample
in horizontal and vertical directions. Stress, diametric
strain and volumetric strain were calculated and plotted
against axial stress from which the tangent modulus at 50
percent failure stress, secant modulus, and Poisson's Ratio
were determined. Results are presented in Figure 6.22. An
average of all test results shows:

Static Modulus Poisson's
Rock Type (x 10° psi) Ratio
Andesite 10.2 0.25
Diorite* 9.5 0.23
Combined, all samples 9.64 0.24

*Includes diorite, granodiorite and quartz diorite

(ii1) Dynamic Elastic Properties

Compressional (V,) and shear (Vg) wave velocities were
measured on two J%oritic samples giving:
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Dynamic¢c Modulus Vp Vs
(x 10° psi) Poisson's Ratio (fps) (fps)
10.1 0.31 19508 10267

Direct Shear Tests

Three types of direct shear tests were performed:

(1) Natural discontinuity
(2) Polished rock on rock
(3) Polished rock on mortar

Test results are plotted on Figure 6.23. A summary of the
results are:

Diorite 9 Peak ’ Residual C(psi)
Natural joint, rough, planar

with carbonate, dry 38° 28° 0
Natural discontinuity with

inferred cohesion 30° 29
Polished rock on rock, dry 21.5° 18° 0
Polished rock on mortar, dry 44° 31° 0
Polished rock on mortar,

dry with inferred cohesion 31° 24

Polished rock on rock tests give a material's Towest fric-
tion angle. This angle does not include effects of natural
surface undulations or roughness. Therefore, a '"waviness
angle" is applied to obtain a more representative value for
design. This "waviness angle" is based to a large degree
on observed field conditions of natural joint surface and
site geology.

The results of the natural joint test quoted above show
relatively high peak and residual values. Analysis of ver-

tical vs. horizontal displacements shows a 10° incline,

which appears to reflect this "waviness angle" for in situ
conditions. As noted on Figure 6.23, two possible inter-
pretations of the shear strength are given: a higher peak
without cohesion or a lower peak including an apparent co-
hesion. The results are typical of natural joints and rock
on concrete (21).

Diorite on mortar tests show that the shear strength is

initially high but decreases to residual values with higher
normal loads and greater displacements.
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Compressive Strength Testing

Compressive strengths were measured in unconfined compres-
sion and by point loading.

- Unconfined Compression

Results of unconfined compressive strength tests show:

Number High Low Mean + Standard
Rock Type Of Tests  (psi) (psi}) Deviation (psi)
Andesite 8 26,206 6,100 18361 + 5978
Diorite 32 29,530 4,473 17593 + 6080

Both rock types are isotropic and show relatively high
strengths. Freguency plots (Figure 6.24) show 90 percent
of all cores tested above 10,000 psi and approximately 70
percent of results plotted between 11,755 and 23,736
psi.

Point Load Testing

Boreholes BH-6 and BH-8 were profiled at 15-to-20-foot
intervals using a Terremetrics T-500 point load tester.
Frequency plots (Figure 6.25) show 95 percent of all test
results are more than 10,000 psi and, assuming a normal
distribution, nearly 70 percent of all tests fall within
the 18,114-t0-38,390-psi range. No distinction between
the various rock types could be noted.

These apparent strengths are substantially higher than
those defined by unconfined compressive strength tests.
The probable cause is that rock strength is proportional
to the physical dimension of the test sample. For uncon-
fined compression tests, lower strengths for larger size
cores of the same rock are common (23). Since a point
load tester tests the minimum volume of rock, higher
results would be expected.

Both types of tests, however, show the intact rock to be
of high strength with an average to high modulus ratio
(BM, BH) (14).

Tensile Strength

Number of High Low Mean + Standard

Rock Type Tests (psi) (psi) Deviation (psi)

Andesite 3 1718 1616 1683 + 58

Diorite 8 2450 602 1906 + 576
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Test results show that intact rock tensile strength (Braz-
ilian Split) is relatively high, which implies a high in-
tact rock shear strength. The Towest strength was obtained
on altered diorite sample while sound, competent cores
tested at Teast three times higher.

(vii) Summary

The rock test results presented in this section are con-
sidered adequate for preliminary design purposes. Exten-
sive geotechnical work including drilling, down-hole test-
ing, geophysics, exploratory adits, laboratory and in situ
testing, will be required before the final design para-
meters can be determined for each structure. However,
tests performed during this, as well as previous studies,
show the rock to be of excellent quality for constructing
both surface and subsurface hydropower facilities at
Watana.

(f) Rock Permeability

Water pressure tests performed both by the COE and Acres (Section
5) confirm that rock permeability at Watana site is controlled by
the degree of jointing, fracturing, weathering and permafrost
within the bedrock.

Results of permeability tests are graphically shown on the Summary
Logs and tabulated in Appendices B and D, respectively. Water
pressure testing could not be performed in several zones because
of hole caving. In BH-2, testing was terminated at a hole depth
of 70 feet, and in BH-12, the bottom 200 feet could not be
tested.

The rock permeability does not vary significantly within the site
area, generally ranging between 1 x 10-4 cmfsec to 1 x
10~ cm/sec. As would be expected in fractured rock, high
perineabilities are found near the surface with low permeabilities
at depth (Figure 6.26). Similarly, high permeabilities are also
encountered in the more highly fractured rock zones.

An example of this was found in BH-1 (Appendix B) where higher
permeabilities, about 10-% cm/sec, were measured in a zone
from 150 to 160 feet, which corresponds to a highly fractured zone
with 0-RQDs and low core recovery. Similarly, high permeabili-
ties, about 1.6 x 10" cm/sec, were measured in BH-6 at a
depth of 464 feet, which corresponds to a soft mineralized zone
with 0-RQDs.

o2 AR




i

(g9)

In BH-3 and BH-4, at the estimated powerhouse cavern depth of
approximately 1450 to 1400 Elevation, permeabilities are low, in
the range of 2 x 106 cm/sec. The permeability of rock above
the_ powerhouse complex 1is generally 1low, ranging between 1 x
105 to 1 x 10-6 cm/secC.

Artesian conditions were encountered in BH-12 at a depth of 325
feet, which corresponded with the granodiorite/andesite altered
and sheared contact. Because of the structural relationship of
these two rock units (see Section 6.1 [bl), higher permeabilities
may be expected where this contact is intersected.

Permafrost conditions within the rock have an effect on permeabil-
ity. Ice-filled joints and fractures prevent water from flowing
through the rock mass, thereby giving erroneously low permeability
values (Section 6.1 [h]). Thawing methods have, therefore, been
developed in those permafrost areas for foundation treatment under
the dam and associated structures.

Groundwater

(i) General

As stated in 6.1(b), the Watana damsite lies within a large
dome-shaped diorite pluton. Groundwater data for the site
is based on borings, installed piezometers, and field ob-
servations.

This section will address only the groundwater conditions
at the damsite and construction areas. Discussions of the
groundwater in the borrow sites and relict channel will be
individually addressed 1in Sections 6.2 and 6.3, respec-
tively, while the groundwater conditions in the reservoir
are briefly discussed in Appendix K.

(ii) Damsites

For the most part, the groundwater at the main damsite is
confined to open fractures and joints within the bedrock.
Therefore, the movement of groundwater is determined by the
rock permeability and continuity of these open fractures
and joints. Gradients within the damsite proper are down-
slope towards the Susitna River, with the groundwater gen-
erally representing a subdued replica of the topography.

The groundwater regime is complicated at the Watana site by
the existence of nearly continuous permafrost on the south
bank and possibly intermittent permafrost on the north bank
(Section 6.1 [h]).
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As a result of the permafrost, the groundwater table is
relatively shallow on the left abutment. Boreholes BH-8,
BH-12, DH-12, DH-25, and DH-28 all encountered water Tlevels
within 10 feet of the surface. Numerous seeps, springs,
and wet areas are evident throughout the left bank. This
shallow water table is the "thawed" Tayer perched on top of
the permafrost zone. On steeper slopes (Elevation 1900 to
river level), groundwater flows through the weathered rock
zone and on top of the rock surface beneath the talus
slopes.

Groundwater was encountered in two deep boreholes beneath
the permafrost on the south bank. In BH-8, the water level
was recorded at approximately 170 feet, whereas BH-12
intersected artesian conditions at hole depth 350 feet or
approximately 200 feet beneath ground surface. (This depth
corresponds with the mapped sheared and altered zone [GF 8]
on the left abutment [Figure 6.3]). This hole, which was
drilled in 1981, has continuously flowed at several gallons
per minute since it was drilled. During its drilling,
water was noted flowing from an adjacent borehole {immedi-
ately uphill from BH-12) indicating communication along
this zone.

Further investigations and instrumentation will be required
in subsequent phases of study to accurately define the
groundwater conditions in this area.

Groundwater on the north abutment has been monitored by
piezometers installed in BH-3 and BH-6. Based on this
data, the groundwater table appears to be deep on the north
bank. Water levels monitored in BH-6 and BH-3 show the
water table to range between 107 to 150 and 280 feet below
ground surface, respectively. The fluctuations noted in
BH-6 appear to be directly correlative with changing season
precipitation.

Subsurface Structures

Structures such as penstocks, powerhouses, and transformer
galleries that will be constructed below the groundwater
table will 1likely experience water inflows through open
joints, fractures, and shears. However, rock permeabili-
ties in these areas are expected to be low (Section 6.1

ifl)-

Surface Facilities

As stated in (ii), any surface structure on the south bank
can expect to encounter a perched water table on top of the
permafrost. Shallow structures on the upper portions of
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the north bank are likely to be above the water table,
while structures near river level will Tikely intersect the
phreatic surface.

The construction of the Emergency Spillway will likely en-
counter groundwater within the shallow overburden and
weathered rock where perched water table and aquicludes can
be expected.

Camp facilities are sited within the relict channel and can
expect a surface water condition during the summer thaw.
The groundwater table in this area is addressed in Section
6. 2.

(h) Permafrost

(1)

General

The Watana area has ‘been mapped as a zone of discontinuous
permafrost (19).

Permafrost features consisting of frozen tills, bimodul and
solifluction slides, beaded streams, thermokarst topo-
graphy, skin flows, collapsed pingos, and thaw lakes are
found throughout the region.

Based on regional temperature readings from the Summit and
Cantwell, Talkeetna and Curry areas, it appears that the
site is very near to the freezing isotherm, which is sup-
ported by one year's temperature data for Watana that show
an average temperature of approximately 0.5°C (37). These
temperatures suggest that the site is in an area where
there is no ongoing development of permafrost.

Thermistor readings at the damsite and borrow sites are
shown in Figures 6.27 through 6.29. An analysis of this

data is contained in the following subsections and Sections
6.2 and 6.3.

Damsite

As  previously stated, permafrost appears widespread
throughout the left abutment. All of the seven boreholes
drilled on the Tleft abutment, except BH-12, froze back
within 30 feet of the surface. Permafrost was measured
throughout the full hole depths in DH-12, DH-23, DH-24,
DH-28, and to a minimum depth of 175 feet in BH-8 where the
instrument was blocked.
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A total depth of permafrost in the left abutment is esti-
mated to be 200 to 300 feet. Temperature readings, how-
ever, show this to be "warm" permafrost with readings gen-
erally ranging between 0 and -1°C (Figure 6.27).

The extent of permafrost in the underlying river alluvium
and bedrock is based on information obtained from DH-21 and
BH-6. DH-21 drilled by the COE shows apparent permafrost
to the top of rock. No deeper readings could be obtained
because of hole collapse. BH-6, drilled on the:right abut-
ment and inclined beneath the river, shows temperatures
below freezing from hole depths ranging from approximately
95 feet to between 200 to 250 feet, or about 100 to 150
feet beneath rock surface (Figure 6.27).

Drilling of the vertical holes by the COE in the river
alluvium showed no apparent permafrost in either the allu-
vium or bedrock. Further investigations will be required,
however, 1in this area to confirm the permafrost condi-
tions.

No permafrost was encountered in any of the seven borings
drilled on the right abutment, with the exception of the
previously discussed BH-6. The only other instrumented
hole on this abutment is BH-3, which shows a very consis-
tent data plot with a minimum temperature of 1.2°C at about
120 feet. Thermal gradients measured in several of the
borings show average gradients of about 1°C per 200 to 300
feet with the exception of BH-3 which shows a gradient of
1°C per 550 feet. This Tower gradient may be caused by
groundwater flows within the rock mass resulting 1in a
decreased temperature.

Surface Structures

Excavation for surface structures may encounter sporadic
"warm" permafrost or annual frost on the right abutment and
more or less continuous permafrost on the left abutment.
Annual frost penetration appears to be about 8 to 16 feet
in the rock and up to 40 to 50 feet in alluvium.

Although no permafrost was found in the areas of the pro-
posed Emergency Spillway, for construction purposes, it
should be assumed that localized permafrost may be encoun-
tered that would require thawing and foundation treatment.

Camp and Access Roads

The camp facility has been sited in the general area of the
relict channel (Section 6.2). Local areas of permafrost
can be expected in this area with zones of deeper seasonal
frost encountered beneath the tundra cover.

6-31

HGhE




=

Permafrost can also be expected locally along the access
and construction haul roads in overburden cuts at depths of
0 to 20 feet. Permafrost in the bedrock is not expected to
pose any major engineering constraints. Care will be
required in designing cut slopes in permafrost terrain to
insure long~-term slope stability. Further investigation in
these areas will be required to accurately define the perm-
afrost conditions.

6.2 - Relict Channels

(a)

Watana Relict Channel

(1)

Introduction

In 1975, seismic refraction surveys performed by the COE
identified a large, deep overburden deposit on the right
bank extending between Deadwan and Tsusena Creeks. This
large, soil-filled depression was interpreted by the COE as
a possible relict channel of the Susitna River. Further
seismic work was performed in the channel by the COE in
1978 and by Acres in 1980-81. To date, approximately
70,000 Tinear feet of seismic refraction surveys have been
performed in this area. In addition to the seismic work,
the COE drilled 8 deep rotary borings in the channel to
identify the stratigraphy and to verify the seismic refrac-
tion interpretation. Numerous shallower auger holes were
drilled in the area during 1980-81 primarily to assess bor-
row materials. Fiqures 5.1 and 6.43 show the extent of
exploration performed in and adjacent to the channel area.

A1l of this data has been used in defining the location,
configuration, and material properties of the relict chan-
nel. The accuracy of the data in defining the extent and
configuration of the channel is considered good. Verifica-
tion of seismic interpretation for top-of-bedrock by the
COE's boring showed accuracy within 10 percent for the 1975
data and 5 percent for the 1978 data.

The seismic accuracy of the intermediate soil stratigraphy
is not as good, since the principal objective of the sur-
veys was to locate top-of-bedrock. Therefore, the survey
technique used was not conducive for accurately detailing
the 1intermediate zones. As a result, the stratigraphy
within the channel has been based on very preliminary and
widely scattered data point (Fiqure 6.40).

The following sections provide a detailed discussion of the
Watana relict channel.

6-32

A

A



(19)

(iii)

Location and Configuration

The approximate location of ‘the relict channel is shown on
photographs in Figure 6.30. The upstream entrance to the
channel extends from a location approximately 2,000 feet
upstream from the damsite, where bedrock drops below maxi-
mum pool elevation (2202 feet), to a point more than two
miles upstream from Deadman Creek.

The ground surface in the relict channel is flat to gently
rolling with a drainage divide trending generally north to
northeast through the area which closely corresponds with
seismic lines DM-A and DM-B (Figure 6.31).

A top-of-bedrock contour map showing surface topography and
projected flow paths through the channel are shown in
Figure 6.35. The maximum overburden thickness in the thal-
weg channel is approximately 450 feet.

A sketch showing the relict channel with and without the
overburden removed is shown in Figure 6.30. Under the max-
imum operating pool level of 2,185 feet, a total of approx-
imately 13,500 feet of the upstream portion of the channel

‘would be inundated with water (Figure 6.31).

The distance between the proposed reservoir and Tsusena
Creek along the shortest distance through the channel would
be approximately 6,200 feet and 7,700 feet along the thal-
weg section (Figure 6.33).

An average hydraulic gradient along the thalweg would be
about 1:14.

Geology

The formation of the relict channel and the subsequent div-
ersion of the Susitna River into its present position is
likely the result of a sequence of glacial events during
the Quaternary Period (Table 4.1).

The Quaternary history of this area is very complex and
poorly understood. However, based on work performed by
Acres and Woodward-Clyde Consultants (60) during this
study, the following geologic events appear to be the most
plausible in explaining the existing conditions.

During preglacial times, the Susitna River flowed down the
relict- channel and into the area of Tsusena Creek. The
river in this area followed the path of least resistance,
being diverted around the more massive diorite pluton
(which underlies the damsite) to the south. The relict
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channel appears to have followed the softer sheared and
fractured rock of "The Fins" structure which 1is traced
through this area (Section 6.1).

Advancement of the Tsusena Creek glacier into this area
from the north and northeast resulted in the infilling and
diversion of the Susitna River to the south around the ice
margin, where it subsequently downcut through the diorite
along existing joint sets (Section 6.1). Once below ap-
proximate Elevation 1900, the river fell below the entrance
to the relict channel. Several glacial advances and
retreats through this area resulted in deposition of a
thick sequence of glacially derived material within the
relict channel. This material consisted of basal till,
alluvium, glacial fluvial silts, sands, and gravels and
lacustrine clays.

The actual time and number of glacial advances and retreats
in this area are unknown. However, this sequence of events
appears to be supported by the stratigraphy within the
relict channel.

Stratigraphy

Based on the drilling in, and adjacent to, the relict chan-
nel, a total of 11 stratigraphic units have been identi-
fied. They have been designated by letters A through K.
These units have been differentiated based on texture,
structure, color, mode of deposition and stratigraphic pos-
ition. Although facies changes exist in these units, each
represents a unique depositional event. The correlation of
the deeper units have been based principally on the eight
deep holes drilled by the COE (45). Since these holes were
drilled over a large area, additional work will be neces-
sary to confirm these units and their extent. A vertically
exaggerated cross section showing these stratigraphic units
is presented in Figure 6.33. This section corresponds with
the true section shown in Figure 6.31.

These stratigraphic units are discussed below with a
detailed stratigraphic column presented in Figure 6.32.
Table 6.7 provides a summary of the unit's thickness, type,
occurrence, and permeability.

- Unit K
An alluvial deposit, designated as Unit K, is the oldest
and deepest Quarternary deposit found in the relict chan-

nel area. This unit was only encountered in one borehole
at a depth of 292 feet (DR-22). The unit, which is 162
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feet thick overlies bedrock, it is composed of boulders,
cobbles, and gravels. Increasing amounts of fine materi-
al are present in the upper horizons of the unit. Unit K
appears to be an extremely dense alluvium that was de-
posited within the main thalweg of the relict channel,
prior to glaciation. No other evidence of this unit was
found in the relict channel area.

- Unit J

A dense till, designated as Unit J, is the oldest glacial
deposit in the relict channel area. This till generally
overlies bedrock, except in the thalweg of the relict
channel, where it overlies the older alluvium of Unit K.
This till is distinguished by poorly sorted subangular
silts, sands, gravels, and cobbles which are highly com-
pacted as a result of being overridden by later ice
advances. Hematite and limonite staining is common in
the unit. The unit appears to follow the topography of
the underlying bedrock surface reaching its maximum
thickness in the relict channel of approximately 60 feet
(Figure 6.33). "

- Unit J'

Unit J' is a localized clean sand and gravel fluvial
deposit that is up to 45 feet thick. The unit is distin-
guished by its clean, sorted, rounded particles and high
permeability. Water losses in excess of 50 gallon/feet
~were noted during drilling of this unit. This unit,
which 1likely represents an interglacial outwash and allu-
vium, is found only in the relict channel thalweg.

- Unit I

Another till, designated Unit I, overlies Units J and J°'.
This till, is very similar in texture, composition, den-
sity, and color with the underlying Unit J, making dis-
tinction between the units difficult. The only noted
difference is that Unit J is marked by a 2-to-6-inch
layer of sand or silt within the middle of the unit. The
average thickness of this unit where drilled is 60 feet.

- Unit H

Unit H is a series of alluvial and outwash deposits which
represent a period of interglacial melting. This unit,
which is found as channel deposits in topographic lows of
Borrow Site D, becomes thicker and more continuous in the
buried channel. Unit H likely represents the horizontal-
ly discontinuous remnants of an outwash plain cut by
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alluvial channels. Thickness of the unit in the channel
reaches a maximum of 40 feet. Particles are generally
sorted and sub-rounded to rounded gravels and sands,
which are moderately permeable (Figure 6.33).

unit G

Unit G marks another glacial advance. This unit contains
greater amounts of fine material than the other units.
In some areas, the material 1is plastic, containing a
large portion of clay size particles with varied lacus-
trine deposits. Gravel and sand usually are present,
often with ice-rafted cobbles and boulders. Such materi-
al is typical of tills deposited by either floating ice
or in water that 1is 1in contact with the ice margin.
Other areas have rounded to sub-angular poorly sorted
silt, sand, gravel, and cobbles, which are typical of
basal glacial tills. Unit G reaches a maximum thickness
of 65 feet.

Units C, E, and F

it

A final retreat of the ice in this area is marked by lay-
ers of outwash, designated units C, E, and F. These
units, which are similar to each other, contain varying
amounts of partially sorted and rounded cobbles, gravels,
sands, and silts. These units can be distinguished prin-
cipally through their stratigraphic position. Permeabil-
ity of these units is generally low to moderate, because
of the presence of varying amounts of fines. Since these
units were deposited as glacial outwash, they tend to
fill in topographic lows and smooth the topography. The
upper horizon of the outwash, Unit C, is often absent,
possibly having been removed by post-glacial erosion in
many areas. Thickness of the outwash in the buried chan-
nel area reaches a maximum of 75 feet.

Unit D

Unit D occurs Tlocally as well-sorted alluvial, sands,
silts, and gravels between outwash C and E. This materi-
al in fills channels cut into the outwash surface of Unit
E. These channels generally trend southward across the
area, toward the present Susitna River. The thickness of
these channels is approximately 15 feet.
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- Units A and B

Near surface deposits confined to the upper few feet of
Unit D are mainly cobbles raised by frost action and or-
ganic, tundra material (Unit A) in a silty sand matrix
(Unit B). These two units are not present in significant
thickness and, therefore, have not been shown on the sec-
tions.

Based on the stratigraphy presented above, it appears
that the relict channel has been overrun by a minimum of
two and possibly three glacial advances (Units J, I, and
C). Interglacial periods are marked by varying thick-
nesses of glaciofluvial and paraglacial silts, sands, and
gravels with occasional cobbles (Units J', H, C, E, F, D,
A, and B).

This glacial sequence indicates that Units I through K
have been overridden and consclidated by subsequent glac-
ial readvances.

Groundwater

The groundwater regime in the relict channel is complex
because of the presence of intermittent permafrost, aqui-
cludes, perched water tables, and confined aguifers. There
are 1insufficient data to fully document the groundwater
conditions in this area; however, the following presents
what 1is currently known regarding the regime. Further
detailed investigations will be required to accurately
determine the number, extent, flow directions, and perme-
abilities within the various aquifers.

The relict channel lies within the drainage between Deadman
Creek to the east, the Susitna River to the south, and
Tsusena Creek to the west and northwest. Groundwater grad-
ients in the unconsolidated sediments of the channel are
principally towards Tsusena and Deadman Creeks with the
diorite pluton at the damsite acting as a groundwater bar-
rier to the south.

Most of the test pits and auger holes drilled and excavated
in the relict channel and Borrow Site D (Section 6.3) en-
countered water within the upper 10 feet. Those holes that
did not encounter water were either in solid frost or in
the coarser permeable gravels of Units C through F. The
near surface water table appears to be perched on top of
the impervious or semipervious Unit G.  Therefore, this
shallow water table likely reflects the upper seasonal thaw
surface overlying this unit.
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Artesian conditions were encountered in Unit H suggesting
that it is being confined below the Tow permeable Unit G.

Highly permeable zones were encountered in Units J' and K
at depths of 208 to 231 feet and 293 to 375 feet, respec-
tively (DR-22) (Figure 5.1).

In summary, the principal water bearing units within the
relict channel appear to be in Units C, D, H, J', and K.
The actual permeabilities of these units, however, have not
been determined.

Permafrost

Intermittent permafrost in the relict channel area is evi-
dent by localized frost-heave features, cobble paving and
isolated spruce cover.

The extent of permafrost within the relict channel and Bor-
row Site D has been determined by drilling records and
thermistor instrumentation installed in various boreholes
drilled by the COE and Acres (Tables 3.2 and 5.4 and Figure
5.1). Thermistor readings are presented in Figure 6.28.

Drilling performed by the COE showed only sporadic perma-
frost in the relict channel area. Borings AP-1 and 2,
DR-16 through DR-20 and DR-22 did not show excess amounts
of permafrost; whereas borings DR-18 and DR-22 encountered
permafrost in Units G and H at depths of 20 to 68 feet and
72 to 110 feet, respectively (Figure 6.33). Thermistor
data in these hoies show freezing temperatures from approx-
imately 60 to 140 feet below ground surface in both holes.

Permafrost was encountered in 28 of the 44 auger holes
drilled in Borrow Site D. Many of these holes showed sea-
sonal frost from near ground surface to approximate depth
of 7 Teet, with permafrost being encountered from around 12
to 20 feet. However, several holes showed continuous
frost/permafrost to the full depth drilled (Appendix F).

No visual ice or excess water (upon thawing) was found
within any of the drilled holes below 25 feet. This lack
of free ice below 25 feet is supported by the moisture con-
tents cof this material, which is near optimum (12 to 14
percent (Section 6.3[d]). The deepest permafrost encounted
in the relict channel was at a depth of 240 feet in DR-22
(Figure 5.1). However, the deepest continuous permafrost
was about 30 to 40 feet.
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The temperatures in the relict channel are fairly uniform
with temperatures in the thalweg segment of the channel
being close to 1°C. Slightly higher temperatures were mea-
sured in DR-22 in the more permeable units of H and J' dur-
ing the 1initial reading (Figure 6.28). This Tlikely
reflects an unstable temperature condition caused by drill-
ing fluid that was injected into this zone.

Temperature readings in Borrow Site D (Figure 6.28) show
temperatures near 1 to 2°C, sudgesting a marginal perma-
frost condition. However, most of these thermistors were
installed in the summer/fall of 1981 and, as is common in
"warm" permafrost, they have not fully stabilized over such
a short time period. Future readings will likely show a
shift towards cooler temperatures.

(b) Fog Lakes "Relict" Channel

(1)

Introduction

Other areas around the damsite and within the reservoir
were investigated during the 1980-81 program to determine
whether other buried channels existed that could potential-
ly affect reservoir impoundment.

A complete review of site and regional geclogic mapping,
reservoir mapping, and airphoto interpretation showed that
the only potential buried channel(s) which might be {inun-
dated by the Watana Reservoir (other than the Watana Relict
Channel (Section 6.2 [a]) is in the area between Quarry
Site A immediately upstream from the damsite and Fog Lakes
approximately five miles to the east.

In 1981, a 24,000~foot seismic refraction line was run in
this area to determine the top-of-rock. Details of this
survey are presented in Appendix I. The following sections
briefly summarize the results of that survey and the poten-
tial impacts of this area to the project.

Location and Configuration

The Tocaticn of the seismic line performed in this area is
shown in Figure 1 - Appendix I.

The minimum surface elevation along the line is approxi-
mately 2280 feet, nearly 80 feet above Maximum Pool Eleva-
tion of 2202 feet.

For discussion, the bedrock surface, as shown along the

seismic lines, can be divided into 3 sections: the west
section, central section, and east section.
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The west section of the line extends from the rock outcrop
south of Quarry Site A eastward along the line for approxi-
mately 2,000 feet. Here, the bedrock surface appears to be
a series of ridges and valleys with the deepest bedrock
reaching Elevation 2025 or 175 below maximum pool level.

The central section continues for approximately 2 miles
easterly. Bedrock in this area is relatively shallow and
generally flat to slightly undulating.

Along the western portion of the line in the Fog Lakes
area, bedrock drops off rapidly to depths up to 350 feet
until it again shallows along the east edge of the line.

The total estimated width of bedrock below maximum pool
level along this Tine is estimated to be about 2,400 feet
along the west section near Quarry Site A and 7,100 feet
along the east section in the Fog Lakes area.

Geology

Since no subsurface drilling was performed in this area,
soil and rock types and depths to bedrock have been in-
ferred based solely on seismic velocity measurements.

Woodward-Clyde Consultants delineated three general types
of soils in this area: (a) a poorly consolidated, satur-
ated glacial deposit; (b) a well-consolidated glacial sedi-
ment which may be partially frozen; and {c) an intermittent
surficial material ranging up to 50 feet thick.

Several areas along the traverse appear to be buried chan-
nels which extend below the proposed reservoir level. The
two most prominent areas are near the west end of the tra-
verse and beneath the Fog Lakes Valley (Figures 17, 22, 23
of Appendix I).

The shape of the channel shown on the profile has been con-
servatively estimated based on ﬁarglnai arrival time data
from distant offsets and from minimum depth caiculations.

exist in the interwretaticon, par-
h 8 860 to 11,800 fp« apparent
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the natuy this material and the actusl existence of a
buried va?
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(iv) Groundwater

The groundwater table in the area appears to be relatively
shallow, as evidenced by poor surface drainage and numerous
ponds, lakes, and bogs. Drainage of the area is toward the
Susitna to the north and Fog Creek, nearly 5 miles, to the
south. Groundwater gradients are expected to be steep in
the Susitna drainage area and very low (<1 percent) toward
Fog Creek.

(v) Permafrost
Permafrost conditions are likely to be sporadic throughout
the area, as evidenced by the existence of typical perma-
frost features to include black spruce, hummocky tundra,
perched ponds on hills, and skin flows.

6.3 - Borrow and Quarry Material

The borrow and quarry materials investigation at Watana was directed
to:

- further investigate the quantity and material properties of borrow
and quarry sources identified in previous studies, and

- lTocate new potential source areas for those materials considered to
have either insufficient reserves or questionable production feasi-
bility.

A total of seven borrow sites and three quarry sites have been identi-
fied for dam construction material (A, B, C, D, E, F, H, I, J, and L)
(Figure 6.36). Of these, Borrow Sites D and H are considered as poten-
tial sources for semipervious to pervious material; Sites C, E, and F
for granular material; Sites I and J for pervious gravel; and Quarry
Sites A, B, and L for rock fill.

Several of these sites (B, C, and F), previously identified by the COE,
were not considered as primary sites for this study because: (1) a
more Tocally available source of material to the damsite; (2) adverse
environmental impacts; (3) insufficient quantity; or (4) poor quality
of the material. Therefore, no work was performed in these areas dur-
ing 1980-81. These sites, however, have not been totally eliminated
from consideration as alternative sources and are therefore included in
this discussion.

Since adequate quality and quantity of quarry rock are readily avail-
able adjacent to the damsites, the quarry investigation was principally
limited to general field reconnaissance to delineate boundaries of the
quarry site$ and to determine approximate reserve capacity. This al-
lowed for a more detailed investigation in the borrow sites.
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The borrow investigations consisted of seismic refraction surveys, test

pits,

auger holes, instrumentation, and Taboratory testing. The re-

sults of this study are discussed below.

Each site is presented in the following sequence:

(1)
(i1)

(a)

Proposed use of the material and why the site was selected;

Location and geology, including topography, geomorphology, vege-
tation, c¢limatic data, groundwater, permafrost, and strati-
graphy ;

Reserves, 1ithology, and zonation; and

Engineering properties which include index properties and labor-
atory test results.

Quarry Site A

(i) Proposed Use

Quarry Site A is a large exposed diorite and andesite por-
phyry rock knob at the south abutment of the Watana damsite
(Figure 6.35). The predominant rock type is diorite. The
proposed use for the quarry is for blasted rockfill and
riprap.

Quarry Site A was selected based on its apparent good rock
quality and close proximity to the damsite.

(ii) Location and Geology

The boundaries of Quarry Site A include the bedrock "knob"
from approximate Elevation 2300 to about 2600 (Figure
6.37). The knob covers an area approximately one square
mile. Glacial scouring has gouged out east-west swales 1in
the rock (Figure 6.37). These swales Tikely corresponded
with fractured, sheared, and altered zones within the rock
body. OQOverburden ranges from 0 to several feet over the
site. Vegetation is limited to scrubby spruce, vines, and
tundra, with limited alder growth in the lower areas. Sur-
face water 1is evident only in isolated deeper swales.
Based on information presented in Section 6.1(g), the
groundwater table is expected to be deep in this area with
an estimated average depth to the water table from 50 to
100 feet. It is 1ikely that the groundwater Tevel will be
near the quarry floor during operation, but inflows are
expected to be small, diminishing with time.
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Although no borings have been drilled in this site, it is
likely that permafrost will be encountered as shallow as b5
feet in depth. The permafrost, however, is near the thaw
point (see Section 6.2[h]) and, because of the high expo-
sure to sunlight in this area, is expected to dissipate
rapidly. The permafrost zones are expected to be more com-
mon in the more fractured and sheared zones.

The western portion of the site has been mapped as sheared
andesite porphyry (Figure 6.37) with the remainder of the
site being gray diorite. Mapping on the northern half of
the site in 1980-81 showed the rock to grade between black
andesite porphyry and a coarse-grained gray andesite with
sections grading into diorite. Despite these lithologic
variations, the rock body is relatively homogeneous. Based
on airphoto interpretation, severe shearing and alteration
appear to be present on the northeast corner of the deline-
ated site area.

(ii1) Reserves

The Timits denoted in Figure 6.37 are conservatively drawn
to include all exposed or partially covered rock which com-
prises approximately 530 acres. Extension of these limits
would 1likely include areas of deeper overburden. The depth
of severe weathering is estimated to be an average of 5 to
10 feet.

The rock exposure in Quarry Site A provided adequate confi-
dence 1in assessing the quality and quantity of available
rockfill necessary for feasibility. Allowing for spoilage
of poor quality rock caused by alteration and fracturing,
and assuming a minimum bottom elevation of 2300, the esti-
mated volume of sheared or weathered rock 1is 23 million
cubic yards (mcy) and 71 mcy of good quality rock.

Additional rock fill, if required, can be obtained by deep-
ening the quarry to near the proposed dam crest elevation
of 2210 without adversely affecting the dam foundation or
integrity of the reservoir.

(iv) Engineering Properties

Weathering and freeze-thaw tests were conducted to deter-
mine the rock's resistance to severe environmental condi-
tions. Results indicate that the rock is very resistant to
abrasion and mechanical breakdown, seldom losing strength
or durability in presence of water and demonstrating high
resistance to breakdown by freeze-thaw.
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Since this rock is of the same parent rock as the damsite,
its physical and mechanical properties are expected to be
similar to those results presented in Section 6.1(e). The
rock is expected to make excellent riprap, rock shell, or
road foundation material.

Site B

(ii1)

Proposed Use

Quarry Site B was identified in previous investigations as
a potential rock quarry for dam construction (Figure 6.36
and 6.38). The area was identified based on outcrops ex-
posed between Elevations 1700 and 2000 along the Susitna
River and Deadman Creek. During 1980-81 field reconnais-
sance, mapping and additional seismic refraction surveys
were performed in this area.

Location and Geology

Quarry Site B is located about two miles upstream from the
damsite between Elevations 1700 and 2000. This area ini-
tially appeared economically attractive because of the
short-haul distance and low-haul gradient to the damsite.
However, geologic mapping and seismic refraction surveys
performed in this area indicate that the rock is inter-
fingered with poor quality sedimentary volcanic and meta-
morphic rocks (Figure 6.38) with thick overburden in sev-
eral areas (Appendices H and I).

Vegetation cover 1is heavy, consisting of dense alder
marshes and alder with aspen and black spruce in the
higher, drier areas. The entire south-facing side of the
site is wet and marshy with numerous permafrost features.
The quarry side facing Deadman Creek 1is dry, with thick
till overburden, which appears frozen. Permafrost in the
area is expected to be continuous and deep. Surface runoff
from Borrow Site D (Section 6.3 [d]) flows southward pass-
ing through Quarry Site B.

Reserves

Because of (a) the deep overburden (as evidenced by seismic
lines SL81-18 and 19); (b) generally poor rock quality; and
(c) the extreme vegetation and topographic relief, Quarry
Site B was not considered as a primary quarry site. There-
fore, no reserve quantities were determined for feasibil-
ity.
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Engineering Properties

No material property testing was performed for this area.

Site C

(1)

(iidi)

Proposed Use

Borrow Site C was identified in previous studies as a pos-
sible source of gravels and sands for filter material (45).
Previous explorations in Borrow Site C consisted of three
seismic refraction lines and one test pit (39). The 1980-
8l 1investigation identified adequate volumes of granular
material much closer to the damsite in Borrow Site E (Sec-
tion 6.3[e]). Therefore, no additional work was performed
in this area during this study.

Location and Geology

Borrow Site C, as delineated by the COE, extends from a
point approximately 4-1/2 miles upstream from Tsusena Butte
to the northwest toe of the butte (see Figure 6.39). As
seen from the photo on Figure 6.39, the site is a broad
glacial valley filled with til}l and alluvium. Vegetation
ranges from alpine tundra on the valley walls to heavy
brush and mixed trees at the lower elevations, thinning to
mixed grass and tundra near the river and on terraces. The
groundwater table is assumed to be a subdued replica of the
topography, being shallow on the valley walls with grad-
ients towards the valley floor. Groundwater migration is
expected to be rapid through the highly permeable alluvial
material. Permafrost may be intermittent.

Based on the test pit and a seismic refraction survey, the
stratigraphy appears to consist of over 200 feet of basal
till overlain by outwash, and reworked outwash alluvium.
The upper 100 to 200 feet of material is believed to be
saturated gravels and sands.

Reserves

Because the site 1is not currently being considered as a
borrow source, no detailed quantity estimate has been made.
However, assuming an approximate area of 1,500 acres and an
excavation depth of 15 feet above water table, a gravel
quantity on the order of 25 mcy can be approximated. Addi-
tional quantities may be obtained at depth; however,
further studies will be required to determine the volunmes.
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Engineering Properties

The test pit and reconnaissance mapping show the material
in the floodplain and terraces to be a 4-inch minus, well-
washed gravel with approximately 60 percent gravel, 40 per-
cent sand, and negligible fines. The dradations are repre-
sentative of a clean, well-washed material with a percen-
tage of cobbles and fines at depth.

Site [

Proposed Use

Borrow Site D was identified in 1975 as a potential primary
source for impervious and semipervious material by the
COE.

Based on the field studies performed by the COE in 1978
(45), it was tentatively concluded that:

- Borrow Site D had potentially Tlarge quantities of clay
and silt;

- The deposit was of adequate volume to provide the esti-
mated quantity of material needed for construction; and

- The site had favorable topography and hydrology for bor-
row development.

As a result of these previous studies, Borrow Site D became
a primary site for detailed investigation during the 1980-
8l study.

Location and Geology

Borrow Site D Ties on a broad plateau immediately northwest
of the Watana damsite. The southern edge of the site lies
approximately 1/2 mile northeast of the dam Timits and
extends eastward towards Deadman Creek for a distance of
approximately 3 miles (Figure 6.40). The topography slopes
upward from the damsite elevation of 2150 northward to
approximate Elevation 2450.

The ground surface has localized benches and swales up to
50 feet in height. The ground surface drops off steeply at
the slopes of Deadman Creek and the Susitna River.

As noted in the site photographs shown in Figures 6.30 and
6.40, vegetation is predominantly tundra and sedge grass
averaging about one foot thick with isolated strands of
spruce trees on the higher and dryer portions of the site.
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Climatic conditions are similar to those at the damsite
with the exception that the borrow site is more exposed to
higher winds and sunlight. The relatively open rolling
topography is conductive to drifting and blowing snow, fre-
quently resulting in drifts up to six feet deep.

Surface water and groundwater conditions have been ad-
dressed in detail in Section 6.2 - Watana Relict Channel.
In summary, the northwest portion of the site has numerous
lakes and shallow ponds with the remaining portions of the
site having localized standing water perched on either per-
mafrost or impervious soils. Surface runoff 1is towards
Deadman Creek to the northeast and Tsusena Creek to the
west. Generally, much of the area is poorly drained, with
many of the low-lying areas wet and boggy.

Instrumentation installed throughout the borrow site shows
intermittent "warm" permafrost. Temperatures in the perma-
frost zones are all within the -1°C range. Detailed dis-
cussions of permafrost as it relates to specific strati-
graphic units within the area have been addressed in Sec-
tion 6.2. Thermistor plots (Figure 6.28) show annual frost
penetration of approximately 15 to 20 feet. Annual ampli-
tude (fluctuation) in ground temperature reaches depths of
20 to 40 feet. The greatest depth of temperature amplitude
is in the unfrozen holes, while the permafrost holes reach
20 to 25 feet. This may be caused by either the effect of
possibly greater water content at the freezing interface
lessening the seasonal energy variations or the thicker
vegetation cover in the permafrost area causing better in-
sulation. ;

Detailed discussion of the borrow site geology are present-
ed in Section 6.2. The distribution of the various strati-
graphic units within the borrow site are shown in Figure
6.32.

Reserves

The boundaries of the borrow site, as shown in Figure 6.40,
are somewhat arbitrary, being limited on the south side by
the apparent limit of undisturbed material, to the east by
Deadman Creek; to the northwest by low topography; and to
the north by shallowing bedrock. If further studies indi-
cate the need for additional materials, it may be feasible
to extend the borrow site to the northwest and west. Fac-
tors to be considered in borrow site expansion are:
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Siting of other facilities in this area;
Impacts on relict channel;

Haul distance; and

Environmental impacts.

The reserve estimates for Borrow Site D have assumed an
average material thickness throughout the site 1limits
(Figure 6.40). Based on the currently established boundar-
jes (encompassing about 1,075 acres) and an excavation
depth of 120 feet, a total of 200 mcy of material is avail-
able.

Engineering Properties

The 1laboratory tests performed on materials from Borrow
Site D are presented in Appendix F. A tabulation of the
samples collected and the test results are presented in
Table 6.8.

Grain size distribution within the borrow site ranges from
coarse gravels to clay, as shown in the composite grain
size curves (Figure 6.41). Groupings of the various soil
types are shown in Figure 6.42. Soil gradations, as relat-
ed to the stratigraphic units within the borrow site (Sec-
tion 6.2), are shown in Table 6.9. As can be seen in
Figure 6.41, almost all of these samples are well graded,
ranging from gravel to fine silt and/or clay. Only Unit H
(Section 6.2) exhibits a different characteristic, being a
more uniform fine sand and silt. Moisture contents range
from a low of 6 percent to a high of 42.5 percent with an
average of approximately 14 percent. The highest moisture
contents are found in Unit G, a fine gray clayey material
(Section 6.2).

Atterberg 1limits show the soil to fall into two basic
groups. The first, consisting of Units C, D, E, and F, are
basically non or slightly plastic material. The Liquid
Limits of these soils are close to their natural moisture
content, varying from 13 to 17 percent. These tests are
consistent with previous tests by the COE which show the
material to be non plastic or slightly plastic in nature.
The plasticity index varies from non plastic (NP) to 2.
The second group, comprising soil units G, I, and J, have
liquid Timits ranging from 17 to 39 percent with plasticity
indices ranging from NP to 15 with an average of 10.

Specific gravity for the material is 2.71, which is within
an expected range for these soils. Permeability tests on
samples compacted to Modified and Standard Proctor values
at 2 percent above optimum moisture content gave permeabil-
ities on the order of 107° cm/sec.
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Compaction of a composite sample from Borrow Site D was
undertaken utilizing both Standard and Modified Proctor
Compaction procedures. The Standard Proctor Test (material
<{No. 4 sieve) shows the material to have a maximum dry den-
sity of about 128 pcf at an optimum moisture content of
10.4 percent. Modified Proctor Test results (material <3/4
inch sieve) indicate a maximum dry density of 135 pcf at
7.5 percent moisture.

Modified and Standard Proctor compaction at 2 percent above
optimum moisture content give consolidation compressive
indices (Cc) of 0.061 and 0.091, respectively.

Shear strength tests give an angle of internal friction (@)
of 37 degrees, which corresponds with previous COE data.

Pinhole dispersion tests indicated the material to be non-
dispersive.

Site E

(1)

Proposed Use

Borrow Site E (Figures 6.43 and 6.36) was identified by the
COE as a principal source of concrete aggregate and filter
material for the Watana dam. The apparent volume of mater-
ial and its close proximity to the site made it the primary
site for detailed investigations during the 1980-81 pro-
gram.

Location and Geology

Borrow Site E is located three miles downstream from the
damsite on the north bank at the confluence of Tsusena
Creek and the Susitna River (Figure 6.43). The site is a
large flat alluvial fan deposit which extends for 12,000
feet east-west and approximately 2,000 feet northward from
the Susitna River up Tsusena Creek. Elevation across the
site varies from a low of 1410 near river Tlevel to 1700
where the alluvial and terrace materials lap against the
valley walls to the north (Figure 6.43).

The area is vegetated by dense spruce and some alders, tun-
dra, and isolated brush. Vegetation cover averages about
one foot thick underlain by up to four feet of fine silts
and volcanic ash.

Groundwater was found to be generally greater than 10 feet

deep. Groundwater levels fluctuate up to five feet from
winter to summer, indicating a free draining material.
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The hydrologic regime shows summer peak flows in the area
reaching approximate Elevation 1435-1440 at the north of
Tsusena Creek. This elevation corresponds with the limit
of scoured and unvegetated river bank. The estimated 50-
year flood level is approximately 1,473 feet.

Figure 6.53 presents a generalized stratigraphic section
through the borrow site showing the underlying bedrock
overlain by a sequence of bouldery till, river and flood-
plain gravels and sands. As in the case of Borrow Site D,
the grain size distribution in Site E varies from boulders
to fine silt and clay (Figure 6.45). Within this wide
range of soil types, five distinct soil gradations (A
through E) can be delineated (Figure 6.46). However, the
complex depositional history and the limited exploration
performed in this area does not allow for ready correlation
of these soil types over the site. Generally, however, the
finer silts and sands are found in the upper five feet of
the deposit. As noted in the typical sections (Figures
6.43 and 6.53), several abandoned river channels of either
the Tsusena Creek or the Susitna River cross cut the site.
The infilling and cross cutting of these streams and rivers
through the site has resulted in a complex heterogeneous
mixing of the materials. Exploration indicates that,
although the five principal soil types are persistent with-
in the site, they vary in depth from near surface to
approximately 40 to 70 feet.

No permafrost has been encountered in the borrow site, pro-
bably because the site has a south-facing exposure and has
a continuous thawing effect caused by the flowing river.
Seasonal frost, up to 3 to 6 feet deep, was observed in
test pits that encountered groundwater (mid-March 1981) and
up to at least 13 feet in pits on the northwest side of the
site that did not intercept the groundwater table. In
areas of shallow groundwater, the frost was almost exclu-
sively confined to the upper shallow sand and silt layers,
while dry gravels showed deeper frost penetration. Annual
frost penetration may be assumed to be about 3 to 6 feet in
silty or clayey soils and at Teast 11 feet in Tloose dry
gravels.

Reserves

Quantities were calculated on the basis of known and
inferred deposits above and below the current river regime.
Assuming an overall surface area of approximately 750 to
800 acres, the estimated quantity of material above river
elevation is 34 mcy. An additional volume of 52 mcy is
available below river elevation (Figure 6.44) assuming a
total maximum depth of excavation of 125 feet in the
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southwest corner of the borrow site, decreasing to a mini-
mum of 20 feet in the northeast corner.

Approximately 80 percent of the identified material in the
borrow site is within the floodplain area, 10 percent in
the hillside terraces, and 10 percent in the Tsusena Creek
segment.

Average stripping is estimated at one foot of vegetation
and three to four feet of fine grained material.

Engineering Properties

A summary of the samples and laboratory tests performed on
selected materials from Borrow Site E are shown in Table
6.10. Details of the Taboratory testing are provided in
Appendix F. The soil units A through E range from coarse
sandy gravel through gravelly sand, silty sand, cobbles and
boulders, silty sand and silt (Figure 6.46). Several of
these material units correlate well with the material in
Sites I and J (Sections 6.3[h]). Moisture contents for the
silts range from 25 to 30 percent; sand from 4 to 15 per-
cent; and gravels from 1 to 5 percent. The percentage of
material over 6 inches is roughly estimated at 10 percent
with the over-12-inch estimated at 5 percent.

Selective mining may be possible to extract particular
types of material. Further detailed investigations in this
area will be required to accurately define the location and
continuity of stratigraphic units.

Site F

(1)

(i1)

Proposed Use

Borrow Site F was identified by the COE as a potential
source of filter material for the main dam. Preliminary
work performed by the COE showed the site to have limited
quantities of material spread over a large area. For this
reason, Borrow Site E became the preferred site, with Bor-
row Site F being considered as an alternative source for
construction material for access roads, runways, and camp
construction. No work was performed in this area during
the 1980-81 program.

Location and Geology

Borrow Site F occupies the middle stretch of Tsusena Creek
from just above the high waterfall to north of Clark Creek
where it abuts Borrow Site C (Figure 6.39). The northeast
portion of the valley is confined by the flank of Tsusena
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Butte and its talus slopes. The vegetation in the area is
mixed spruce and tundra, with isolated areas of undergrowth
and alders. Groundwater is expected to be near surface.
Limited permafrost is 1likely to be encountered in north-
and west-facing exposures but is expected to thaw readily
when exposed during summer months. Deposits above stream
level are expected to be fairly well drained with Tlower
areas saturated.

Limited test pits indicate the material in Borrow Site F is
the same as that in Borrow Site C (Section 6.3 [cl). The
depth of clean sands and gravels is estimated to be approx-
imately 20 to 30 feet, ranging from a shallow 5 feet to a
maximum of 40 feet. The area consists of a series of
gravel bars and terraces extending up to 1,500 feet away
from the stream (Figure 6.39).

Reserves

No detailed topography was obtained for the site; however,
assuming a conservative depth of 20 feet of material, a
total volume of approximately 15 to 25 mcy is Tikely avail-
able.

Additional investigation in this area will be required to
confirm these volumes.

Engineering Properties

Test pits excavated by the COE (Figure 6.39) show gravelly
sand overlain by a very thin silt and sandy silt cover. A
composite gradation curve for material in this site is
shown in Figure 6.47. No detailed testing was performed on
this material.

Site H

(1)

(i1)

Proposed Use

Borrow Site H was defined during the 1980-81 field investi-
gation as an alternative site to Borrow Site D for impervi-
ous and semipervious material.

Location and Geology

The topography of Borrow Site H is a generally rolling,
sloping towards the Susitna River. FElevations range from
1400 to 2400 across the site and average about 2100 (Figure
6.48). Most of the site is covered by swamps and marshes,
indicating poor drainage. The vegetation consists of thick
tundra, muskeg, alder, and underbrush growth.
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Groundwater and surface water are perched on top of imper-
vious material with numerous seeps and ponded surface
water. The extensive coverage of spruce trees may be indi-
cative of a degrading permafrost area. A large ice deposit
exists in a slump exposure on the west end of the site.
The deposit and associated solifluction flow with a multi-
ple regressive headwall are approximately 100 to 150 feet
across and are visible in the photo (Figure 6.48).

Of the eight auger holes drilled in the site, six encoun-
tered permafrost at depths ranging from 0 to 14 feet in
depth. Al11 the holes but one showed the water table at or
near the surface (Appendix F, Figure 6.48). All of the
borings had temperature probes installed during the 1981
program; however, the instruments have not yet stabilized
(Figure 6.29). Future readings are likely to show a cool-
ing in the temperature plots.

The site stratigraphy consists of an average of 1.5 feet of
organics, underlain by 1.5 to 4.5 feet of brown sand or
silt material with traces of organics. Below this upper
material, most of the holes show mixed silt, sandy silt,
and sandy clay to depths of 6 to 13 feet, which in turn is
underlain by zones of gravels, gravelly sand, and mixed
silts with sand and gravel. A color change from brown to
gray occurs at depths of 6 to 28 feet. Insufficient data
exist to allow for detailed stratigraphic correlation
across the site.

Reserves

The quantity estimate has assumed a relatively homogeneous
mix of material over a surface area of 800 acres, with 5.5
feet of stripping required to remove organics and clean
silts and sands. Assuming an estimated usable thickness of
32 feet (based on drilling data) approximately 35 mcy of
material is available from this site.

Engineering Properties

A summary of the samples and laboratory test results from
materials from Borrow Site H are shown on Table 6.11. Lab-
oratory test results are contained in Appendix F.

A composite gradation for the borrow site 1is shown 1in
Figure 6.49. A detailed assessment of the grain size dis-
tribution shows three distinct gradation groupings (A
through C) (Figure 6.50). Gradation A denotes a gravelly
sand, characterized by less than 40 percent fines and a
significant fraction exceeding 3/4 inch, B is a silty sand
without the generally coarser fraction; and C is a silt
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unit which is generally less than 1 inch in maximum parti-
cle size and contains in excess of 40 percent fines.

The Liquid Limit of the material ranges from 17 to 34 per-
cent with an average of 23 percent. Approximately one
third of the samples were non plastic. Natural moisture
contents ranged from 6 to 23 percent with an average of 13
percent. (One sample gave a moisture content of 53 percent
but was not considered representative.)

The Modified Proctor Test, conducted on 3/4-inch minus
material, gave a maximum dry density of 141 pcf at 6.9 per-
cent moisture. The Standard Proctor Test, at 10.8 percent
moisture on the minus No. 4 material, gave a maximum dry
density of 128 pcf.

Permeability tests on samples compacted to Modified and
Standard Proctor values at 2 percent above optimum moisturg
content gave permeabilities on the order of 107
cm/sec.

Modified and Standard Proctor compaction at 2 percent above
optimum moisture content gave a coefficient of consolida-
tion (Cc) of .06 and .09, respectively. The specific
gravity of the material is 2.72, which is normal for a
glacial till. The undrained shear strength tests run on
samples at 95 percent of Modified Proctor density and 2
percent above optimum moisture gave a friction angle of 37
degrees with cohesion of 648 psf.

Pin-hole dispersion tests showed the material was not dis-
persive.

In conclusion, Borrow Site H material is considered suit-
able for use as impervious and semipervious fill. However,
problems such as wet swampy conditions, permafrost, and the
lengthy haul distance to the site may affect the potential
use of this site as a borrow source.

Sites I and J

(1)

Proposed Use

Reconnaissance mapping was performed within a 10-mile radi-
us of the damsite to locate potential sources of free-
draining gravels for use in the dam shell. The large vol-
ume needs of this material requires that the source be rel-
atively close to the damsite and in an area that would min-
imize environmental impacts during borrowing operations.
As a result, the Susitna River valley alluvium was deline-
ated as a potential borrow source.
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Location and Geology

Seismic refraction survey performed across the river chan-
nel during 1980-81 indicated large quantities of sands and
gravel within the river and floodplain deposits both up-
stream and downstream from the damsite.

Borrow Site 1 extends from the western Timits of Borrow
Site E downstream for a distance of approximately 9 miles,
encompassing a wide zone of terrace and floodplain deposits
(Figures 6.51 and 6.53).

Borrow Site J extends upstream from the damsite for a dis-
tance of approximately 7.6 miles. The site area extends
from river bank to river bank and includes several terraces
and stream deltas (Figures 6.52 and 6.53).

Borrow Sites 1 and J are fully within the confines of the
Devil Canyon and Watana reservoirs, respectively.

Both sites are in an active fluvial environment. Borrow
Site J is flanked by bedrock, talus and till-covered valley
walls; while Borrow Site I includes extensive terraces ex-
tending several hundred feet up the valley walls above
river level.

Reserves

For purposes of volume calculation, it was assumed that all
materials with seismic velocity of 6,500 feet per second
represented suitable gravel deposits (Table 6.1). Materi-
als with velocities higher than 6,500 were assumed to be
either too bouldery or dense. Not included in the estimate
were:

- The river material between the two sites;.

- Material between the west boundary of Site J and the

downstream area of the damsite; and
- The section from the damsite to Borrow Site E.

This last area was considered to require excessive dredging
and could likely affect the hydraulics of the tailwater.

An active slope failure was identified near Borrow Site H
(Appendix K). If further studies show that the excavation
of river material beneath this slide may result in slope
failure, than this section of alluvium will be 1left in
place. In summary, a total of 125 mcy of material were
estimated in Borrow Site I extending a distance of 8.5
miles downstream and 75 mcy in Borrow Site J over a dis-
tance of 7 miles upstream.

6-55

b




(i)

(iv)

Quarry

Engineering Properties

Individual gradation curves from a total of 45 samples
taken from 22 test pits are presented in Appendix F and
summarized on a composite curve shown on Figure 6.54.

Soil properties determined from Tlaboratory testing are
shown in Table 6.12.

Three basic gradations are present within the two sites.
These are fine grained silty sand, sand and gravel (Figure
6.55). The fine silty sand fraction was encountered in 25
percent of the test pits and ranged in thickness from 6
inches to 6 feet. The second gradation is a sand which
varies from a well-sorted clean sand to a gravelly poorly
sorted sand. This type of material was encountered in only
15 percent of the pits, and where present, underlies the
silt layer with an average thickness of about 4 feet. The
bulk of the samples are of a moderately sorted gravel mixed
with from 20 to 40 percent of sand and silt with less than
5 percent silt and clay size fraction. No indication of
plasticity in the fines was noted.

Site L

Proposed Use

Quarry Site L was identified during the 1980-81 program as
a source for cofferdam shell material.

Location and Geology

Quarry Site L is located 400 feet upstream from the pro-
posed upstream cofferdam (Figure 6.56) on the south bank.
The site is a rock knob immediately adjacent to the river
which is separated from the main valley walls by a topo-
graphically low swale that has been mapped as a relict
channel (Appendix J).

The rock in the quarry area is diorite along the western
portion of the knob with andesitic sills or dikes found
farther upstream. The rock exposure facing the river is
sound with very few shears or fractures. The vegetation is
heavy brush with tall deciduous trees on the knob and
aldens with brush in the swale to the south. Little sur-
face water is present on the knob; however, the low lying
swale is marshy. Permafrost may be expected to be present
throughout the rock mass.
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Quarry Site L 1ies opposite "The Fins" feature which is ex-
posed on the north abutment (Section 6.1[c]); however,
extensive mapping in this area shows no apparent shearing
or fracture that could be correlative with the extension of
this feature.

Reserves

Because of limited bedrock control, the site has been de-
lTineated into two zones for estimating reserves (Figure
6.56). Zone I delimits the total potential reserves based
on assumed overburden and rock volumes, while Zone 11 jden-
tifies that volume of rock that, with a high degree of con-
fidence, is known to be present (Figure 6.56). Based on
field mapping and airphoto interpretation, the total use-
able volume of material has been estimated to be 1.3 mcy
for Zone I and 1.2 mcy for Zone II, over an area of 20
acres.

Engineering Properties

No testing was performed on rock samples for Quarry Site L.
However, based on field mapping, it appears that the rock
properties and quantities will be similar to those at the
damsite (Section 6.1[d] and [el).
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TABLE 6.1: WATANA SEISMIC VELOCITY CORRELATIONS

VELOCITY INFERRED MATERIAL

0-1500 Shallow, loose dry sands, gravels, soil

1500-3900 Moist Gravels, sands, talus, slope wash, generally well drained. Can include
loose, drained tills and outwash, unfrozen clays.

3900-4500 Moist alluvial terraces, gravels - occurs predominately as surface terraces or as
shallow depth channel fill in relict channel bedrock lows above elevation 2200 -
possible beaded stream deposits.

4600-4800 Water

4900-5500 Granular alluvium, saturated, and possible outwash; may be frozen. May represent
less bouldery beds of stream alluvium and outwash.

5500-7000 Low velocity saturated gravels, outwash. Alsoc higher velocity active river
alluvium and talus velocities. Probably includes majority of frozen alluvium and
tills.

7000-10000 Dense tills, alluvium, baulders, and coarse outwash materials. May include

10000-15000

15000-20000

20000+

frozen clays and gravels. Also highly weathered sheared rock.

Sheared and severely fractured and altered bedrock. Over consolidated tills
and/or sedimentary rocks and frozen talus.

Bedrock, velocity represents lower range, fractured and altered rock, while
higher velocities are sound rock.

Sound crystalline bedrock.




TABLE 6.2:

WATANA JDINT CHARACTERISTICS*

Joint Site Strike Dip pacing** Surface Conditions
Set Quadrant (Range) (Avg. ) (Range)  {Avg.) (Range) (Avg.) “Texture Coating Remarks
I All 290°-330°  320° 75°NE-80°SW 90° Mm-15" 2t ) Carbonate locally Parallel to major
) shears, fracture
NE, SE B0D°NE 2"-10" 2' ) Carbonate at WJ-6 zones and altera-
) and WJ-7 tion zones
)
NW, SW 320° 90° m-15 2' )  Planar, smooth to Major carbonate at
) locally rough, con- Wl-4
; tinuous
16 NW, SW 295° 75°NE 1.5 2' ) Minor carbonate at
WJ-9
II All 045°-080°  060° 80°SE-80NW 90° -5t 2! Planar, smooth to Carbonate locally No shears or alter-
rough ation zones, minor
fracture zone
NE, SE 050° 85°NW -5t 1.5! Planar to irregular, Carbonate at WJ-5
smooth to slightly
rough
NW, SW 065° 90° 2"-5! 2! Planar, smooth to Carbonate at aone out-
rough crop
111 All 340°-030° 0O° 40°E-65°W 60°F 0.5"-5" 1.5' Planar to irregular, Carbonate locally Parallel to minor
rough shears and fracture
zones
NE 005° 60°E 2n-2! 1" Curved, rough - Weakly developed
SE 350° 65°W 6" -4 1.5° Planar to irregular, - Weakly developed
smooth to rough
NW, SW 345° 60°E 0.5"-5" 2! Planar to irregular, Carbonate locally Strongly developed
rough
v Variable Shallow to moderate
orientations
Strongest Concentrations:
NE 0B0° 10°N 2"-3! 1)
SE 090° 25°S ) ) Planar to irregular, - Probably stress
310° 40°NE) ) smooth to rough, relief, near
) discont inuous surface
NW 090° 10°S m-3 2' )
SW 0° 05°E ) 6"-10" 2' )
090° 25°N ) )
*Syrface data only
*#When set is present
! ] 1 1 ] i ! ] 2 B ‘ ! |

(e
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TABLE 6.3: WATANA RGD SUMMARY
Borehole ' DH-1* DH-QJ DH-5% | DH-6% | DH-7%| DH-8%{ DH.-9* DH--10*I DH-11% DH-12% DH--Z'l*I DH-23*I DH-24J DH-ZBJ BH-1 BH-2 i| BH-3 BH-4 BH-6 BH-8 BH-12 | Total Rock
Ground Surface El. (feet) 1459 1462 | 1462 1716 1716 1910 1913 2033 2034 1951 1480 1952 2061 1971 2050 1835 | 2150 2185 1605 1976 1966 brilled -
Top OF Rock El. (feet) 1415 1384t 1402 1713 1708 1894 1909 2020 2018 1942 1407 1947 2054 1958 2032 1826 | 2123 2174 1598 1964 1949 Average
Borehole Dip** v v v v 59° v 45° v 45° v 60° 45° v v 70° 38° 55° 59° 60° 60° 40° RQD
Vertical
Depth {ft) RQD
Rock Drilled
0'-50' (ft) 51.4 45,2 47.9 48,9 49,1 54,5 67.0 48,6 70.3 51.6 59.7 70.5 50.9 29.5 52.5 61.2] 59.1 56.9 58.5 59.2 81.5] 1174.0
RQDA 28% 66% 46% ,50% 48% 59% 59% 21% 71% 60% 85% 45% 70% 36% 79% 55% | 75% 44% S0% 43% 57% 56%
1
50t-150" - " 27.6 69,2 97.2 64.6 79.3 1 139.5| 100.5 | 144.1 92.9 | 110.0 41.7 82.1 62.41 104.8 ) 119.8|| 124.9| 115.7| 118.4) 116.2{ 151.7 ] 1969.6
45% B3% 51% 60% 67% 62% 68% 77% 53% 85% 49% 70% 10% 76% 23% | 96% 540 64% 75% 72% 65%
150'-250" " 72.1 34.8 65.01 105.1 121.7 109.6 124.4‘ 120.0| 120.8| 115.81{ 114.5| 154.0| 1257.8
448% 89% 85% 77% 830 86% S4% 99% 94% B86% B2% 68% 79%
250°-350" " 33.91 118,53 14.3 85.6j 119.9 | 14.9 [ 115.3| 114.6| 156.1 872.9
85% 82% 73% 75% 87% 99% B1% 79% 62% 80%
350'-450" " 109.5 119.5 ¢ 115.1 114.4 | 114.3] 159.3 732.1
1% l 46% 99% 82 84% 79% 79%
450r-550" " [ 120,6 ] 1z0.0] 11s.2| 117.8 69.3 542.9
' 96% 79% 1% 81% 83% 82%
550'-650" n 125.0 | 115.1 94,81 102.0 436.9
96% 70% 79% 88% B3%
650'-750" " 120,01 114.7 234.7
96% 74% B6%
750'-850 " 15.0 64,0 79.0
¥ 100% 95% 96%
Total Hole Length {feet) 79.0 45.2¢ 117.1 146, 1 113,71 133.81 278.6) 183.9| 279.4| 290.5) S19.2| 112.2] 133.0 91.9] 281.20 391.0| 924.0| 937.2 | 732.4) 738.6| 771.9| 7299.9
Average RQD 34% 66% 68% S0% 55% 64% 57% 60% 78% 67% 84% 47% 70% 18% B80% 49% ! 96% 80% 75% 78% 70% 72%

*COE boreholes
**Y = vertical
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TABLE 6.4: WATANA - BOREHOLE ROCK QUALITY DISTRIBUTION
Rock PERCENTAGE OF CORE IN SPECIFIC RQD RANGES

Borehole Df%&%ed 0-25% | 25-50% [ 50-75%| 75-90% | 90-95%| 95-100%
DH-1* 79.0 29 56 8 0 7 0
DH-4* 45.2 16 5 17 52 10 0
DH-5% 117.1 6 15 31 23 3 22
DH-6% 146.1 13 30 44 9 0 4
DH-7*% 113.7 13 26 29 29 0 3
DH-8% 133.8 6 11 41 32 8 2
DH-9* 278.6 19 18 25 30 7 1
DH-10% 183.9 25 12 14 23 10 16
DH-11% 279.4 3 5 22 38 17 15
DH-12% 290.5 8 17 29 17 12 17
DH-21* 519.2 0 2 25 22 14 37
DH-23%* 112.2 36 22 18 8 9 7
DH-24* 133.0 5 14 42 18 9 12
DH-28% 91.9 61 29 10 0 0 o
BH-1 281.2 2 4 22 26 18 28
BH-2 391.0 24 17 30 19 5 5
BH-3 924.0 7 2 5 12 8 66
BH-4 937.2 6 1 13 9 7 54
BH-6 732.4 5 7 22 33 15 18
BH-8 738.6 3 6 22 30 1 28
BH-12 771.9 6 17 30 19 10 18

Total

Rock

Drilled 7299.9

*COE core was relogged from boxes.



TABLE 6.5: WATANA ROCK TEST SUMMARY
DIORITE, QUARTZ-DIORITE, GRANODIORITE

Compressive Unit Tensile
Borehole Strength Weight  Strength
Borehole* Sample Depth (ft)  (psi) (pcf) (psi) Other**
BH-1 W-1-41.6 41.6 23,587 167.2
W-1-44.2 44,2 23,587 167.7
W-1-83.9 83.9 169.2 2,019
W-1-134.9 134.9 24,400 168.9 ‘
W-1-230.3 230.3 ED = 10.8 x 10° psi, v = 0.29
BH-2 10-80 313.8 17,487 169.6
BH-3 W-3-57.9 57.9 10,623 165.6
W-3-199.6 199.6 19,632 169.3 1,824
W-3-320.7 320.7 20,333 169.2 Er = 10.6 x 106 psi, v = 0.27
W-3-602.2 602.2 4,473 151.0 602 Altered, unit wt. for tensile
strength test = 160.5
W-3-954.8 954.8 11,556 165.9
BH-4 W-4-90.4 90.4 12,607 165.3
W-4-285.8 285.8 14,233 171.9
W-4-533.4 533.4 15,665 170.9
W-4-535.8 535.8 169.1 1,965
W-4-690.9  690.8 14,414 168.5 1,872 Er = 9.9 x 106 psi, v = 0.24
W-4-888.1 888.1 7,650 168.8 SIightly altered
BH-6 80-12 81.65 14,640 166.2
B80-14 144.6 21,147 166.4
80-15 218.1 15,860 167.3
80-16 233.0 167.2 2,098
80-19 260.7 15,047 164.8
BH-8 80-28 316.9 16,858 168.3
80-29 322.6 28,020 168.3 2,417
80-31 327.46 26,996 167.3
80-35 468.4 21,160 167.1
80-38 480.65 23,358 167.0 ED = 9.4 x 100 psi, v = 0.33
BH-12 w-12-328.8 328.8 19,113 165.7 2,450
W-12-465.4 465.4 18,707 168.6
W-12-657.6 657.6 13,827 164.3
Average (Acres) 17,500 167.1 1,906
+5,754 SD +576 SD
DH-8%x* 27 4.2 21,450 Ey = 1.2 x 108 psi, v = 0.24
28 70.7 29,530 ET = 9.49 x 10° psi, v = 0.20
DH-10 29 70.2 20,500 Er = 8.60 x 10% psi, v = 0.22
30 176.5 18,470 Er = 9.41 x 10% psi, v = 0.23
DH-11 31 40.15 10,420 Er = 9.65 x 108 psi, v = 0.27
32 84.3 7,610 Er = 7.13 x 10% psi, v = 0.20
Average {All Tests) 17,593
+6,080 SD

*|_ocat ions shown on Figure 5.1
**E5 = Dynamic modulus
***CBE testing

Ey = Tangent modulus at 50% of failure stress
v = Poissons Ratio
SD = Standard deviat ion




TABLE 6.6:

WATANA ROCK TEST SUMMARY - ANDESITE PORPHYRY

Compressive  Unit Tensile
Depth Strength Weight Strength
Borehole* Sample (feet) (psi) (pcf) {psi) Ot her**
BH-2 1-80 20.5 26,206 165.4 6
2-80 27.05 20,333 166.9 Ey = 9.9 x 10" psi, v = 0.24
3-80 45.3 17,283 166.6 E; =10.5 x 10° psi, v = 0.27
4-80 49.4 15,453 166.4
5-80 82,25 162.8 1,718
6-80 87.0 165.3 1,715
BH-4 W-4-14.2 14.2 23,180 165.4
BH-8 80-22 37.8 19,520 162.6 1,616
BH-12 W~12-41.,1 41.4 18,814 163.7
BH-12 W-12-96.8 96.8 6,100 162.7
Average 18,361 164.8 1,683
+5,978 SD +58 5D

*Locat ions shown on Figure 5.1
**Ep = Tangent modulus at 50% of failure stress
v = Poissons Ratio

= Standard deviation

sSb



TABLE 6.7:

QUATERNARY STRATIGRAPHY OF BURIED CHANNEL AREA

Max imum
Unit Thickness Material Type Jccurrence Permeability
A&B | Surficial 5 feet Organic silts and sands with Local Moderate
Deposits cobbles and boulders
c Outwash 18 feet Silty sand with gravel and O0ften removed by post-glacial erosion Low to Moderate
cobbles
D Alluvium and 15 feet Sand, silt with occasional Along courses of former drainage Moderate
Fluvial Deposits gravel channels in outwash "E"
E&F | Outwash 55 feet Silt, sand, gravel, cabbles, Generally continuous except in limited Low to Moderate
partly sorted areas
G Till/waterlain 65 feet Clayey silty sand with gravel Cont inuous, thickest near Deadman Low
Till ’ and cobbles, often plastic Creek
H Alluvium 40 feet Silt, sand and gravel, sorted Buried channel and along limited Moderate
former drainage channels
I Till 60 feet Silt, sand, gravel, cobbles Generally continuous Low
poorly sorted
J Interglacial 45 feet Sand, gravel, with occasional Buried channel only High
silt, sorted
J Till 60 feet Silt, sand, gravel cobbles, Generally continuous Low
poorly sorted
K Alluvium 160 feet Gravel, cobbles, boulders, few Buried channel only High
fines
3 3 ] 3 1 i ) 3 3 3

s

QR
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TABLE 6.8: MATERIAL PROPERTIES - BORROW SITE D

Hole/* Lab. | Mechanical Atterberg
Trench | Sample | Depth (feet) Classi- Analysis Limits Specific
Number | . Number [ From To fication [ Gravel| Sand| Fine LL { PI Gravity %
AH-D1 1 0 1.5
2 1.5 3.0
3 3.0 3.5
4 4.5 4.75
5 6.0 6.75 SM 10 48 42 NV NP 1.1
6 © 8.0 8.75 SM 24 22 54 6.7
7 10.0 10.75 SM 13 51 36 6.6
8 15.0 15.75
AH-D2 3 1.5 2.5 SM 33 38 28 NV NP 25.7
4 3.0 3.75 SM 24 41 35 13.9] NP 11.4
5 4.5 5.25 SM 23 46 31 NV NP 1.2
6 6.5 7.0
7 8.5 9.0 .
8 15.0 15.75 SC 7 49 44 15.51 2.2 1.3
9 20.0 20.75 SM-SC 15 46 39 17.5( 4.2 9.4
10 25.0 25.5
AH-D3 2 ) 75
3 1.5 2.0
4 3.0 4.0
5 4.5 5.25
6 6.5 7.25
7 8.5 9.5
8 15.0 15.75
9 20.0 20.25
10 25.0 25.25
1 30.0 30.5
AH-D4 3 1.5 3.0
5 4.5 5.0
6 6.0 7.5
8 7.5 8.0
AH-D5 3 3.0 3.75
4 7.5 9.0 SM 0 88 22
5 10.0 1.0 SM 34 47 19
6 15.0 16.5 SM 25 52 23
7 20.0 21.0
8 25.0 25.75
9 30.0 31.5 SM 0 75 25 14 NP 13
10 35.0 36.0 CL-ML D 55 45 17 14 12
1 40.0 41.25 CL 8 42 50 23 14 12
12 45.0 46.0 SM-5C 11 64 25 39 14 9
13 48.0 48.25
AH-D6 1 0.0 2.0
3 5.0 6.0 SM 10 50 40 15 NP 10
4 6.5 7.5 SM 8
5 7.5 8.0
6 8.0 9.0 SM 0 76 24 13 NP 12
7 9.5 10.0 SM 1
8 15.0 16.0
9 20.0 21.5 SP-SC 0 88 12 17 2 12
10 25.0 26.5 SM 29 38 33 15 NP 9
1 30.0 30.5 8
12 35.0 36.0 SM 10 50 40 17 NP 9
13 40.0 40.6 12
14 45,0 46.0
AH-D7 3 5.0 5.5 1
4 7.0 8.0 M 20 50 30 12
5 8.5 9.5 SM 11
6 15.0 16.5 SM 20 53 27 10
7 20.0 20.25 6
8 25.0 25.75 SM 6 71 23 9
9 35.0 35.25 9
10 40.0 40.75 SM 0 80 20 9
1 48.0 48.25




TABLE 6.8 (Cont'd)

Hole/* Lab. Mechanical Atterberg
Trench | Sample | Depth (feet) Classi- Analysis Limits Specific
Number | Number | From To fication| Gravel | Sand | Fine LL PI Gravity %
AH-D8 4 3.5 4.5
5 4.5 6.0 SM 18 65 17 14 NP 15
6 6.0 6.5
7 8.0 9.5
8 9.5 11.0 SM 0 58 42 14 NP 14
9 15.0 16.5 SM 12 71 17 13
10 20.0 20.5 _
1 25.0 25.5 SP 28 61 11 18 5 10
13 35.0 36.0 ML 10 37 53 13
15 45.0 45.25 9
16 50.0 50.25 9 55 36 7
AH-D9 1 0.0 1.0
2 1.5 2.5 SM 10 55 35
3 3.0 4.0 SH 10 50 40
4 4.5 6.0 SM 0 60 40
5 6.0 7.5 SM 14 65 21
6 7.5 8.5 SM a 76 23
7 9.0 10.5 SM 15 63 22
8 15.0 15.5
9 20.0 20.5
10 25.0 25.9
11 30.0 30.5
12 35.0 35.4
13 40.0 41.0 C-ML 0 8 92 21 NP 21
14 45.0 46.5 ML 0 17 83 35 8 25
15 50.0 51.5
16 55.0 55.2
17 60.0 60.25
AH-D10 1 0.0 1.0
2 1.0 1.5
3 2.0 3.0
4 3.0 3.5
5 4.0 4.5
6 5.0 5.5
7 6.0 7.5
8 7.5 8.5
9 15.0 16.0
10 20.0 20.5
11 25.0 26.0
12 30.0 31.0
13 40.0 40.33
AH-D11 3 3.0 4.0
4 4.0 6.0
5 6.0 7.5
6 7.5 9.0
7 15.0 16.5
8 20.0 21.5
9 25.0 25.25
10 30.0 31.0
11 25.0 36.5
13 45.0 45.5
15 54.5 54.66
AH-D12 3 1.5 3.0
4 3.0 4.0
5 4.5 5.5
6 6.0 6.5
7 7.5 8.0
8 9.0 9.33
9 15.0 15.3
10 20.0 20.16
1 25.0 25.5
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TABLE 6.8 (Cont'd)

Hole/* Lab. Mechanical Atterberg
Trench | Sample (feet) Classi- Analysis Limits | Specific
Number { Number fication| Gravel]| Sand| Fine LL | PI[ Gravity W%
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*Locat ioms shown on Figure 6.40
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TABLE 6.9:

GRADATION RESULTS - BORROW AREA D

Coarser than

Between No. 4

Finer than

Unified Soil

Soil Unit No. 4 (%) and No. 200 (%) No. 200 (%) PI Classification
Composite Sample 15 40 45 SM
Coarse 13 62 25 M
C&D Mean S 60 35 NP SM
Fine 0 49 51 ML
Coarse 32 50 18 SM
E&F Mean 12 53 35 NP SM
Fine 2 48 50 SM-ML
Coarse 15 57 28 M
G Mean 0 45 55 10 ML
Fine 0 18 82 ML
Coarse 4 75 21 SM
H Mean 0 73 27 NP M
Fine 0 68 32 SM
Coarse 25 55 20 SM
I1&23J Mean 15 53 32 7.5 SM
Fine 5 53 42 SM
PI = Plasticity Index

i n

NP

Non-plastic
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TABLE 6.10: MATERIAL PROPERTIES - BORROW SITE E

Hole/* ; : Lab. Mechanical Atterberg
Trench | Sample | Depth (feet) Classi- Analysis Linits | Specific
Number | Number | From To fication| Gravel| Sand | Fine L PI| Gravity Wa
E1 1 2.5 3.0 GP-GM 53 39 B
2 7.0 7.5 GP 74 25 1
E2 1 2.5 3.0 SP 49 49 2
2 5.5 6.0 GW 77 22 1
E3 1 2.5 3.0 GW 78 21 1
2 10.5 11.0 GP 74 24 2
E4 1 3.0 3.5 GP 82 17 1
2 10.5 11.0 GP 82 17 1
E5 1 1.0 2.0 GW 83 16 1
E6 1 7.5 8.0 SM 25 62 13
E8 1 2.5 3.0 GW 76 23 1
2 6.5 7.0 SP 36 63 1
E9 1 2.5 3.0 - 0 10 90
2 4.5 5.0 SM 22 58 20
3 7.0 8.0 GM - - -
E10A 1 3.5 4.0 GP 63 34 3
2 6.5 7.5 SM 0 83 17
E108B 1 2.0 2.5 GW 64 34 2
E11 1 1.5 2.0 SM 0 62 38
2 5.0 5.5 GP-GM 61 31 8
E12 1 2.0 2.5 GP-GM 63 31 6
2 2.5 3.5 SM 10 52 38
3 3.5 4.5 SM 29 47 L 24
E14 1 1.0 2.0 SP-SM 0 95 5
2 6.0 7.0 SP 69 28 3
E15 1 3.0 3.5 GW 83 16 1
E16 1 3.0 3.5 SP 66 32 2
E17 1 0.5 1.0 - 0 32 68
2 3.5 4.0 SM o 59 41
3 10.0 10.5 GP-GM 65 30 5
E18 1 0.25 0.75 GP 55 43 2
2 2.0 2.5 SM 20 52 28
3 5.0 5.5 GP 63 36 1
4 10.0 10.5 GP 1 27 2
E19 1 1.0 1.5 SM 0 66 34
2 2.5 3.0 SM o 79 21
E20 1 1.5 2.0 SM-ML 0 47 53
2 3.0 3.5 SP 79 19 2
3 7.5 8.5 SM 19 50 31
4 11.0 11.5 SP-SM 66 28 6
E21 1 2.0 2.5 - 0 30 70
2 6.5 7.0 GM 85 11 4
AH-E1 2 0.5 1.0
3 1.0 1.5 SM 0 52 48 19.6
4 2.0 2.5 ML 0 40 60 27.3
5 4.0 4.25
7 6.5 6.75
10 12.0 12.5
1 15.0 15.25
13 23.5 25.0
AH-E2 2 1.5 2.25
3 3.0 3.5
4 5.0 5.75
5 6.5 7.0
6 8.5 9.0
AH-E3 2 0.5 1.0
3 1.0 1.5
4 1.5 2.25
5 3.0 3.75
6 4.5 5.5 SP-SM 38 56 6 4.4
7 6.5 7.5 GW 60 36 4 0.7
8 8.5 9.0
9 15.0 15.5
10 16.5 17.0




TABLE 6.10 (Cont'd)
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*ocat ion shown on Figure 6.43.
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MATERIAL PROPERTIES - BORROW SITE H

MM OMNSNONNOO MM~NOMNM——-O N0~ MonT NN O M — — o~NO LAR — m
lali el adl ol e N— N T N — = — — T - — - -
[
=)
G o
- D
[O3+1]
O ~
.o
[z
[ = N M~ =~ a oo o . wn o o oo ~ <r o D N\O T T a o 0
Fsﬁu» -~ = = = =z =z =z = =z
© 42
Tt
[
o5
ps (1
= - N Wy — t =5} ~ w 1< MmO ~ M N 1 M
<t MM N N -— - - - — N NN NNNN NN
[}
C|l N NN N My N MmN O o~ - o O 9~ NN MY M n o
h NN NI - o~ M LAY ATRS S5 5 M N TG N T M aa) = -
e~
T 0
-
- B[O
cCxNE|l woy oI~ N o~ -— Me— IS4 oM NN o D N MY M 0 o~
0 C
mnn
ﬂ
> O MI o W0 N 4 NN < ~ o~ NN N NO I N Qo
m o~ — O — M NN — — L iS4 ~N M o~ N~ o~ «— M
1 C
- O
hm%.ﬂ_v = [ J = = == 3 s = [ A = %CC = . %
¥z} 73] 7] v
o O © w noo (4] w m vy | [} WS [da) 1 [72] [ | wn w ]
ﬂhl Q = = = == = =
Ccﬂ_ . w wn w (e RV R 7] w
Mon N NN N
o :znu.U n.:J:Jnu:J:J:J:JnUnu:Jnu:)nununo:)711/1/:Jnunu:Jnu:J:J:JoLoL_D onNno R/nunu:J:)nununu:zc):xcooL:JnJnu:)nu o nu:JanL:)nou:J
« v s e e . 4 " e e e s e s = s = ¢« ¢ . . . « e s e . * « e 5 e e .
| = FOo~© anJ1|,b LT R;w/ooﬂu Aunu:Jnu:Jnu4|1Jh4:)ﬂ/ounu,o O e M TN~ DO = MO Bonn O n— M D I~ O ROV N O
—— NN =N N T — 0NN — 0o — M N — NN

TABLE 6.11:
Depth (feet)

“From

0505050000050505000000005050550000505050000505050000U5050 50000000
. - . .

- . . - . - . L] Ld . . - L] . . L] . . d . . .
U1346795D50134679505050013/4/0-/9505013467505013467950501346 79505050
0NN —NNM M — NN — NN — MM — NN

Sample
Number

CTNMINO~NOARQTNMINO~NONO NMeENMNITNO~NOONROO~TNMNISINOROR~NMNIIN OO =NTNMNIN OO0~ NN
- — - -— — -

—
-—

Hole/*
Trench
Number

AH-H1
AH-HZ
AH-H3
AH-H4
AH-H5
AH-Hé



TABLE 6.11 (Cont'd)

Hole/* Lab, Mechanical Atterherg
Trench | Sample | Depth (feet) Classi- Analysis Limits Specifie
Number | Number [ From To fication [ Gravel | Sand] Fine LL P1 Gravity [ W%
AH-H7 1 0.0 1.2
2 1.5 3.0
3 3.0 4.5
4 4.5 5.5
5 6.0 7.5 MC-CL 12 36 52 17 4 14
6 7.5 9.0 17
7 9.0 10.5 CL 7 34 59 29 14 16
8 15.0 16.5
9 20.0 21.5 SC 13
10 25.0 25.66 22 51 27 33 19 13
1M 25.66| 26.5
12 30.0 30.6
AH-H8 1 0.0 1.5
2 1.5 3.0
3 5.0 6.5
4 6.5 7.5 - NP 14
5 8.0 9.5 5C 18 40 42 25 11 12
6 9.5 11.0 13
7 15.0 16.5 GC » 38 26 36 21 7 7
8 20.0 21.0 GC 40 27 33 21 7 6
9 25.0 26.0 6
10 30.0 30.5
11 35.0 35.25
W80-256 H GC-SC 29 33 38 21,7 9.2 10.9
W80-357 H GM-SM 27 37 36 17.1] 2.5 12.3
w81 H 28 34 38 2.72
wa1 H 43 27 30 23 6

*Locat ions shown on Figure 6.48
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TABLE 6.12:

MATERIAL PROPERTIES - BORROW SITES I AND J

Hole/* Lah. "Mechanical Atterberg
Trench | Sample | Depth (feet) Classi- Analysis Limits | Specific
Number | Number | From To fication{ Gravel] Sand] Fine LL Pl ]| Gravit %
TP-R1 1 0.0 1.0

2 1.5 2.0 GW 69 29 2

3 2.0 3.0

4 3.0 3.5 GW 72 26 2

5 3.5 4.5 GW 71 27 2
TP-R2 1 0.0 1.0 GW 77 21 2

2 4.5 5.0 GW 79 19 2
TP-R3 1 1.0 1.5

2 4.5 5.0 GW 7 28 1
TP-R4 1 1.0 1.5

2 4.0 4.5 GW 69 30 1
TP-R5 1 0.5 1.0 GW 64 34 2

2 3.0 3.5 GW 68 31 1
TP-R6 1 1.0 2.0

2 2.0 3.0 ML-SM 1 52 47
TP-R7 1 0.5 1.0 GW 68 31 1

2 3.5 4.0 SW 23 76 1
TP-R8 1 0.5 1.0 GW 72 26 2
TP-R9 1 0.5 1.0 SM 0 75 25
TP-R10 1 1.0 1.5 SM 0 70 30

2 3.5 4.0 SM-SC 36 50 14
TP-R11 1 0.5 1.0 GW 67 31 2

2 3.5 4.0 GW 70 28 2
TP-R12 1 0.5 1.0 GW 67 30 3

2 4.5 5.0 GW 68 30 2
TP-R13 1 0.5 1.0

2 5.5 6.0 GW 62 36 2
TP-R14 1 0.5 1.0 GW 64 34 2

2 5.5 6.0 GW 64 35 1
TP-R15 1 1.5 2.0

2 5.5 6.0 SM 0 55 45
TP-R16 1 0.5 1.0 SM 0 63 37

2 4.5 5.0 GW-GM 59 35 6
TP-R17 1 1.0 1.5 GW 73 25 2

2 4.0 4.5 GW 59 34 7
TP-R18 1 1.0 1.5

2 4.5 5.0 GW 58 39 3
TP-R19 1 0.5 1.0

2 3.5 4.0 GW 24 73 3
TP-R20 1 0.5 1.0 SM 3 82 15

2 4.5 5.0 GW 62 34 4
TP-R21 1 0.5 1.0

2 4.0 4.5
TP-R22 1 1.0 1.5 GW-GM 65 33 13

2 4.5 5.0 GM 82 17 1

*_ocat ions shown on Figures 6.51 and 6.52.
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